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ABSTRACT
CNDO/2 and CNDO/S c a lc u la t io n s  on a c e ty la c e to n e  and 
a -m eth y la cety la ce to n e  have been done in  order to  a s s ig n  th e e x p e r i­
m ental sp ec tra  observed by a prev ious worker in  t h is  la b o ra to ry .
Most o f  the assignm ents based on th ese  c a lc u la t io n s  agree w ith  the  
previou s assign m ents made on p u re ly  experim ental grounds, but some 
o f  th e  s p e c tr a l  bands, p a r t ic u la r ly  th e  em iss io n s , were rea ssig n ed  
in  order to  b e t t e r  f i t  th e exp erim en ta l and th e o r e t ic a l  r e s u l t s .
In g e n e ra l, i t  was found in  t h is  work th a t a model o f  (3-diketone 
anion s which a llo w s r o ta t io n  about one o f  th e carbon-carbon p a r t ia l  
double bonds produced assign m ents o f  th e s p e c tr a l  bands th a t were 
c o n s is t e n t  w ith  prev ious experim en ta l data fo r  th ese  system s. In  
a d d it io n , ground s t a t e  s t a b i l i t i e s  o f  th e p o s s ib le  forms o f  (3-dike- 
ton es in  s o lu t io n  were c a lc u la te d , and th e r e s u lt s  were shown to  
c o r r e la te  w e l l  w ith  exp erim en ta l s t a b i l i t i e s  o f  th e se  d if f e r e n t  form s.
Two o r th o -su b s t itu te d  flu orob ip h en y l d e r iv a t iv e s  were 
s tu d ied  in  order to  in v e s t ig a t e  the flu o rin e-h yd rogen  and f lu o r in e -  
f lu o r in e  in tera n n u la r  in te r a c t io n s  and th e ir  e f f e c t  on the e le c tr o n ic  
p o t e n t ia l  curves o f  th e se  compounds, k -F lu orob ip h en yl was used as 
a c o n tr o l compound in  order to  sep a ra te  the f lu o r in e 's  s t e r i c  and 
e le c tr o n ic  e f f e c t s .  Experim ental r e s u lt s  from the study o f  th ese  
flu o ro b ip h en y ls  have been compared w ith  th ose  from a stud y  o f  
bip henyl and o th er  s im ila r  compounds p r e v io u s ly  in v e s t ig a te d  in  th is  
la b o ra to ry .
x
There was a sm all but d e f in i t e  change in  the f lu o r e sc e n c e  
o f  2 -f lu o ro b ip h en y l when i t  was e x c ite d  in  the low energy t a i l  o f  
i t s  low est energy a b so rp tion  band; th e ix u o rescen ce  o f  2 - f lu o r o ­
b ip h en yl has a S tokes s h i f t  in term ed ia te  between th ose o f  bridged  
r in g  system s and th a t  o f  b ip h en y l. ^ -F lu orob ip h en y l showed a 
la rg e  e f f e c t  on i t s  flu o re sce n c e  when low energy e x c i t a t io n  was used; 
i t s  Stokes s h i f t  has th e same magnitude as th a t o f  b ip h en y l. The 
most lo g ic a l  co n c lu s io n  c o n s is t e n t  w ith  th e data i s  th a t th e hydrogen- 
f lu o r in e  in tera n n u la r  in te r a c t io n  in  th e ca se  o f  th e se  b ip henyl 
d e r iv a t iv e s  i s  s im ila r  to  but s l i g h t l y  more r e p u ls iv e  than th e  
corresponding hydrogen-hydrogen in tera n n u la r  in t e r a c t io n .
2 , 2 ' -D iflu o ro b ip h en y l showed a la rg e  e f f e c t  on both i t s  
f lu o re sce n c e  and i t s  phosphorescence when i t  was e x c ite d  w ith  low 
energy r a d ia t io n . In  a d d it io n , th e e f f e c t  on th e  f lu o r e sc e n c e  i s  
ob servab le  a t  room tem perature. The Stokes s h i f t  o f  t h is  compound 
i s  in term ed ia te  between th ose  o f  the bridged  r in g  system s and th a t  
o f  b ip h en y l. The la rg e  e x c it a t io n  e f f e c t  shown by th is  compound 
i s  in te r p r e te d  to  be ev id en ce fo r  c is - t r a n s  isom erism , and once 
aga in  th e most lo g ic a l  co n c lu sio n  i s  th a t th e  h y d ro g en -flu o r in e  
in tera n n u la r  in te r a c t io n  must be r e p u ls iv e  in  t h is  c a se .
PART I
B-DIKKTONES 
CHAPTER I - INTRODUCTION
[3-Diketones e x h ib it  many in t e r e s t in g  p r o p e r tie s  and may 
produce a number o f  d i f f e r e n t  sp e c ie s  in  s o lu t io n . These compounds 
can be rep resen ted  by the s tr u c tu r a l formula
0  R4  0
If I II
R i  - C - C — C -R 2  
1
r3
in  which R i, R2 , R3 , and R4  are a lk y l  s u b s t itu e n ts  or hydrogens. The 
nature o f  th ese  su b s t itu e n ts  to g e th er  w ith  o th er  fa c to r s  such as 
so lv e n t  and tem perature determ ine which o f  th e s e v e r a l p o s s ib le  
sp e c ie s  predom inate.
The b e s t  known forms o f  th ese  compounds are the s o -c a l le d  
keto  and en o l s p e c ie s  o f  th e n e u tra l m o lecu le , which p a r t ic ip a te  in  
the tautom eric eq u ilib r iu m
0  0  O H O  0 0
1 11 11 1 11 11 •
R i - C = C - C - R e  R 1 - C - C - C - R 2  R i - C - C = C  -R2  
1 1 1
r3 r 3 r 3
provided , o f  cou rse , th a t a t  le a s t  one o f  th e s u b s t itu e n ts  on the  
cy-carbon i s  a hydrogen. I f  Ri ^ 1*2 , then th ere  are two p o s s ib le  
forms o f  the en o l tautom er. I f  th e conform ation o f  the en o l a llo w s ,
1
a hydrogen bond between th e  hydroxyl hydrogen and the ketone oxygen  
can s t a b i l i z e  th e  en o l forms r e la t iv e  to  the k eto  form. Thus th ere  
can be two en o l forms o f  a sym m etrical j3-d ik e to n e  - a hydrogen-bonded  
form (o r  ch e la ted  form) and a non-hydrogen-bonded form (o r  un­
ch e la ted  form ). There can be four p o s s ib le  forms o f  an unsym m etrical 
(3-d ik e to n e . In a d d it io n , th ere  are many p o s s ib le  conform ations o f




Only ca se s  in  which th ere  i s  a t  l e a s t  one ^“hydrogen w i l l  
be co n sid ered . Because o f  th e a c id ic  nature o f  th e  crh yd rogen (s) o f  
th e k eto  form or th e  hydroxyl hydrogen o f  th e  en o l form s, the  
p -d ik eton e  can io n iz e  in  a b a s ic  s o lv e n t .  P o s s ib le  io n iz a t io n s  are  
shown below .
0  0  0  Rq 0
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Ri-C-C=C-R2  +  H
Rq Rq
I t  i s  im portant to  co n sid er  w hether or n ot th e se  d i f f e r e n t  io n s  are  
r e a l ly  d if f e r e n t  s p e c ie s  in  s o lu t io n  or sim ply ca n o n ica l forms o f
the same n e g a tiv e  io n , as shown below:
0 O 0  0  0  0  ®0
i ii ii @ it it i
Ri-C=C-C-Re «* Ri-C-C-C-Re ~  Ri-C-C=C-l^
i i i
R3 R3 R3
Only i f  the geometry o f  th e se  th ree  forms d i f f e r  can th ey  a c tu a lly  
be d i f f e r e n t  s p e c ie s .  As in  th e ca se  o f  the n e u tra l s p e c ie s ,  
d if f e r e n t  conform ations o f  th ese  io n s  can be obtained  by r o ta t io n
about C - C„ bonds.
oi 3
Much experim en tal work on (3-d ik e to n es  has been done 
p r e v io u s ly  in  th ese  la b o r a to r ie s . 1 8 The work o f  Cheng concerning  
a c e ty la c e to n e  (Ri = R̂  = CH3 and R3  = R4  = H) and c lo s e ly  r e la te d  
0 -d ik e to n es  i s  p a r t ic u la r ly  in t e r e s t in g .  In p a r t ic u la r , he found 
ev id en ce th a t in d ic a te s  th a t em issio n s from some o f  th ese  compounds
1. B r ierre , R. T . , J r . ,  M.S. T h e s is , L ou isiana  S ta te  U n iv e r s ity ,  
Baton Rouge ( i 960 ) .
2 . Cheng, L. T . , Ph.D. D is s e r ta t io n , L ou isiana  S ta te  U n iv e r s ity ,
Baton Rouge ( 1968 ) .
3 . I z b ic k i ,  A. J . , M.S. T h e sis , L ou isiana  S ta te  U n iv e r s ity , Baton 
Rouge ( 1966) .
k . Kuo, J . , M.S. T h esis , L ouisiana S ta te  U n iv e r s ity , Baton Rouge
(1 9 6 3 ).
5 . Kuo, J . , Ph.D. D is s e r ta t io n , L ou isiana  S ta te  U n iv e r s ity , Baton 
Rouge ( 1966 ) .
6 . Mims, S . S . ,  Ph.D. D is s e r ta t io n , L ou isiana S ta te  U n iv e r s ity ,
Baton Rouge (1938)*
7- W illiam son , L. H ., Ph.D. D is s e r ta t io n , L ou isiana  S ta te  U n iv e r s ity ,  
Baton Rouge ( 1965) .
8 . W illiam son , L. H ., M.S. T h e sis , L ou isiana  S ta te  U n iv e r s ity ,
Baton Rouge ( 1962 ) .
belong to  two d if f e r e n t  n e g a tiv e  io n s  in  s o lu t io n . The most 
im portant p iece  o f  ev id en ce  i s  h is  d isc o v er y  o f  d i f f e r e n t  e x c it a t io n  
hands for  two em issio n s; both o f  th ese  e x c i t a t io n  bands are in  the  
reg ion  o f  the io n  a b so rp tion  band. H e x a flu o ro a ce ty la ce to n e , in  
which the m ethyls o f  a c e ty la c e to n e  are rep laced  by CF3 groups, 
produced th e  b e s t  experim en ta l ev id en ce  o f  th is  kind o f  behavior.
This experim en ta l ev id en ce fo r  two n e g a tiv e  io n s  makes i t  d e s ir a b le  
to  determ ine the s tr u c tu r e s  o f  th e two n e g a tiv e  ions»
Cheng concluded th a t th e d i f f e r e n t  s p e c ie s  are the e n o la te  
io n  and k eto  io n . The e n o la te  io n  was d escr ib ed  as one in  which  
most o f  th e  charge i s  on th e  oxygen atoms w ith  the a-carbon being sp2 
h y b rid ized , w h ile  th e k eto  ion  i s  d e scr ib ed  as having most o f  the  
charge on the crcarbon, which i s  now h y b rid ized  sp3 . This d if f e r e n t  
h y b r id iz a tio n  a t  the cv-carbon g iv e s  th e  two d if f e r e n t  geom etries  
th a t are required  in  order to  have two d is t in g u is h a b le  s p e c ie s .  Cheng 
a ls o  noted o th er  p o s s ib le  ex p la n a tio n s  fo r  the experim ental ev id en ce , 
such as c is - t r a n s  isom erism  or f lu o r e sc e n c e  from the second e x c ite d  
s t a t e  o f  the io n , both o f  which he con sid ered  to  be u n lik e ly .
The purpose o f  th is  work was to  study th ese  a c e ty la c e to n e  
system s t h e o r e t ic a l ly  and to  compare th e  r e s u lt s  w ith  th e experim en ta l 
r e s u lt s  o f  Cheng. In p a r t ic u la r , a t e s t  o f  Cheng's k eto  ion - e n o la te  
ion  h y p o th esis  was attem pted in  order to  se e  whether th e d if fe r e n c e s  
in  em ission s from the two forms o f  th e ion  can be exp la in ed  by geom et­
r i c a l  d if fe r e n c e s  c h a r a c t e r is t ic  o f  sp3 v s .  sp2  h y b r id iz a tio n  a t  the  
a-carbon or i f  some o th er  model i s  more com patib le  w ith  the e x p e r i­
m ental r e s u l t s .  W hile c a lc u la t io n s  fo r  t h is  purpose were being
ca rr ied  o u t, some o f  the r e s u lt s  were found to be a p p lic a b le  to  
some p h o to e lec tro n  experim ents on th ese  compounds which had been 
done by Dr. K. N. Houle o f  th is  departm ent.9 T h erefore, some 
a d d it io n a l c a lc u la t io n s  were done on a c e ty la c e to n e  and some o th er  
(3-diketones in  order to  compare the r e s u lt s  w ith  Houk's p h o to e lec tro n  
r e s u l t s ,  s in c e  by Koopmans1 theorem10 the measured io n iz a t io n  
p o te n t ia ls  (from  the p h o to e lec tro n  sp ectro sco p y ) are th e  n e g a tiv e  
o f  the o r b ita l  e n e r g ie s  c a lc u la te d  by H artree-Fock m ethods.
9- Houk, K. N ., D av is , L. P . ,  Newkome, G. R ., Duke, R. E ., and 
Nauman, R. V ., subm itted  fo r  p u b lic a t io n .
10. L evine, I .  N ., Quantum C hem istry, Volume Quantum Mechanics
and M olecular E le c tr o n ic  S tr u c tu r e , A lly n  and Bacon, Boston, 
pp J l k  and 5I1.2 ( 19T0 ) .
CHAPTER I I  - CALCULATION SCHEMES
Background
The b a s ic  eq u ation  o f  m olecu lar o r b ita l  c a lc u la t io n s  i s ,  
o f  cou rse , th e Schrodinger equation:
HY = EY ( l )
A
The Born-Oppenheimer approxim ation has a lread y  been made; th a t i s ,  H 
does not in c lu d e  k in e t ic  energy o f  the n u c le i;  and E, the t o t a l  energy  
o f  the m olecu le , i s  dependent on th e f ix e d  n u clear  geom etry. The 
t o t a l  m olecu lar  wave fu n c tio n  Y i s  approxim ated as a s in g le  S la te r  
determ inant o f  th e o r b ita l  wave fu n c tio n s:
. |  |  — - f -  —
Y = |i|i ijf \)j \ J f .............. i|r \|r | ( 2 )
1 1 2 2  n n
Only c lo se d  s h e l l  c a lc u la t io n s  w i l l  be con sid ered  so  th a t a l l  
e le c tr o n s  are  p a ired , and Equation ( 2 )  in d ic a te s  th a t the m olecu lar  
o r b ita ls  are each occupied  by two e le c tr o n s  o f  o p p o site  sp in . This 
S la t e r  determ inant form fo r  the wave fu n c tio n  i s  chosen so th a t the  
wave fu n ctio n  w i l l  be antisym m etric w ith  r e sp e c t  to  exchange o f  
any two e le c tr o n s ;  t h is  property i s  req u ired  by the P au li p r in c ip le .  
The product form o f  each term in  the S la te r  determ inant i s  chosen  
so  th a t each fu n c tio n  in  the product i s  a s o lu t io n  to  the one- 
e le c tr o n  H am iltonian , which w i l l  be d e fin ed  la t e r .  I f  e le c tr o n
r ep u ls io n s  are ign ored , the H am iltonian fo r  the m olecu le can be
w r itte n  as a sum o f  term s, each in v o lv in g  on ly  one e le c tr o n ;  hence 
a s o lu t io n  to  t h is  type o f  H am iltonian i s  a product fu n c tio n  in
6
7
which each fa c to r  depends on on ly  one e le c tr o n . U sing th is  form 
o f  the wave fu n ctio n  and assuming orthon orm ality  o f  the m olecular  
o r b i t a l s ,  the t o t a l  m olecu lar energy E can be ev a lu a ted  by u se  o f  
the equation
E = JY*H¥dT/jVN'dT . (3 )
The H am iltonian operator H fo r  t h is  system  i s  g iv en  by
N N T) z N N -l
i = l  i = l  v=l  V i =2 j < i  1
in  which th e  f i r s t  term i s  th e k in e t ic  energy o f  th e e le c tr o n s  (N
o f  them) in  atom ic u n its ;  th e second term i s  the in te r a c t io n  between
each o f th e N e le c tr o n s  w ith  each o f  th e  7] n u c le i  (Zv i s  the charge
on the vth n u cleu s and r . i s  th e d is ta n c e  between th e  i t h  e le c tr o n
xv
and th e  vth n u c le u s );  and the th ird  term i s  th e in t e r a c t io n  among
a l l  o f  the e le c tr o n s  ( r . . i s  the d is ta n c e  between e le c tr o n  i  and
xj
e le c tr o n  j ) .
Note th a t in  Equation (4 ) th e  in te r a c t io n s  among th e n u c le i  
have been ign ored , but s in c e  the n u c le i  are  h e ld  f ix e d , th ese  in t e r ­
a c t io n s  are co n sta n t w ith  r e sp e c t to  the m otion o f  the e le c tr o n s ;  
thus the c a lc u la t io n s  can be done w ith  th e H g iv en  by eq u ation  (k) 
and con stan t n u c lea r -n u c lea r  p o te n t ia l  energy Un can then be added.
This Un i s  g iv en  by
v  V  zkz
“n - I  Z
k=2 v<k
i i i  which Z  ̂ and Z  ̂ are th e  n u c lea r  charges o f  n u c le i  k and v 
r e s p e c t iv e ly , and i s  the con sta n t d is ta n c e  between n u c le i  k and v 
liquation (5 ) assumes a p o in t charge model fo r  th e n u c le i .  I t  i s  
im portant to  r e a l i z e ,  though, th a t th e e le c tr o n ic  energy c a lc u la te d  
by means o f  the H in  Equation 0+) p a ra m etr ica lly  depends on the  
n u clear  co o rd in ates th a t are f ix e d  b e fo re  th e  e le c tr o n ic  c a lc u la t io n  
i s  done.
U sing H g iven  by E xpression  (k) and Y g iv en  by Equation  
( 2 ) ,  an ex p ress io n  fo r  the t o t a l  m olecu lar energy can be d erived  
from Equation (3 ) .  The ex p ress io n  in  f in a l  form i s
n n n
e = 2 y  h . +  y  y  ( 2 j . k .  .)  +  uL  X L  L  x j  x j  n
i = l  i = l  j = l
Note th a t  th er e  are n t o t a l  occupied  o r b i t a l s ,  and th a t each i s  
doubly occu p ied . The f i r s t  term in  Equation ( 6 ) i s  the sum o f the  
o n e -e le c tr o n  o r b ita l  en erg ie s  d e fin ed  by
(6)
h. 2 (V * ( l)H  i|r-(l)dT ( j )
1  J yi  core x 1
in  which Hcore i s  th a t part o f  the H am iltonian g iv en  by Equation (4 )  
th a t depends on on ly  one e le c tr o n  a t  a tim e; th a t i s ,  the two terms 
in  the H am iltonian in v o lv in g  on ly  th e i t h  e le c tr o n  excep t the  
e le c tr o n - e le c tr o n  r e p u ls io n s . Thus can be in te r p r e te d  to  be 
the energy o f  an e le c tr o n  in  o r b ita l  i  in  the f i e l d  o f  th e bare
o
n u c le i w ith  no o th er  e le c tr o n s  p resen t. The e le c tr o n  rep u ls io n s
g iv e  r i s e  to  the J . . and K . . term s, which are d efin ed  in  atom ic
i j
u n its  by
J . . * J / * * ( l H i ( l ) ^ t * ( 2 H j (2)dT1 dT2 (8 )
and Ki j  a J-/ * ^ l ) t j ( l ) ^ * * ( 2 )  + .(2 )d T 1dTa • (9)
The in t e g r a l  can be in te r p r e te d  to  be the rep u ls io n  between one 
e le c tr o n  in  o r b ita l  i  and another in  o r b ita l  j .  The in t e g r a l  K.^ 
r e s u lt s  from an exchange phenomenon due to  the P au li p r in c ip le  which 
lowers the t o t a l  energy.
The v a r ia t io n a l p r in c ip le ,  which s t a t e s  th a t the adjustm ent 
o f  an approxim ate m an y-electron  wave fu n ctio n  such as th a t of 
Equation (2 ) by a v a r ia t io n  o f  the o r b ita ls  th a t g iv e s  th e low est  
energy a ls o  g iv e s  the b e s t  wave fu n c tio n  o f  the form employed for  
th e c a lc u la t io n  o f  the ground s t a t e  energy o f  the system , i s  now 
a p p lie d . However, th ese  m olecu lar o r b ita ls  i|f are var ied  such th a t  
th ey  always form an orthonorm al s e t ,  th a t i s ,
f O l H  (l)d T  = 6 . . ( 10 )
*■ J  1  J
in  which 6 . . i s  the Kronecker d e lta  fu n ctio n  d e fin ed  by 6 . . = 0  for  
i j
i  f  j ,  and 6 = 1 fo r  i  = j .  The m in im ization  i s  e f f e c t e d  by the
method o f  undeterm ined m u lt ip l ie r s  and in v o lv e s  the u se  o f  the  
equ ation  n n
6 i > 2 I
i = l  j = l
LO
The e . , ' s  are the undeterm ined m u lt ip l ie r s  and S. . i s  the overlap  
i j
in te g r a l  o f  o r b ita ls  i  and j .
By c a lc u la t in g  the d i f f e r e n t ia l  g iv en  by Equation ( l l ) ,  a 
s e t  o f  d i f f e r e n t ia l  equations g iven  by Equation (12) i s  o b ta in ed .
n n
[H + T  (2 J .-K .)  ]i|r. = T  e . .* . i  = l , 2 , 3 - - - n  (12)core L  j j JTi  / x j yj ^
j= l  j= l
A A
The op erators J . and K̂. are d e fin ed  in  such a way th a t
J . ( l H . ( l )  = [ J ^ ( 2 ) ^ j ( 2 )dT2 ] 1lr .( l)  (13)
and K ^ . ( l )  s  [ J f * ( 2 ) ^ i (2)dT2 ] f j ( l )  (14)
These op erators are  d e fin ed  in  such a way th a t the J and K in t e g r a ls  
are reproduced when both s id e s  o f  Equations ( 1 3 ) and ( l4 )  are  
m u ltip lie d  from the l e f t  by ^ ( l )  and in te g r a te d  over th e co o rd in a tes  
o f  e le c tr o n  one. This s e t  o f  eq u ation s i s  a s e t  o f  n coupled  
d i f f e r e n t ia l  equations which must be decoupled to  be so lv e d . The 
q u a n tity  in  b rack ets in  Equation (12) i s  known as the Fock H am iltonian
A
F and the eq u ation s can thus be w r itte n  in  the form
n
ei j * j  i  = l , 2 , 3 - - n .  (15)
j = l
The Fock H am iltonian can be con sid ered  an e f f e c t iv e  o n e -e le c tr o n  
H am iltonian for  an e le c tr o n  in  the m olecu lar environm ent.
11
These equ ation s must now be decoupled . I£  a u n ita ry
tran sform ation  T i s  a p p lied  to  the s e t  o f  fu n ctio n s a new s e t  o f
fu n ctio n s ilr* i s  generated:
1 n
j =i
A g en era l m athem atical theorem s t a t e s  th a t any u n ita ry  tran sform ation  
o p era tin g  on the elem ents o f  a determ inant le a v e s  the va lu e  o f  the  
determ inant unchanged. S in ce  accord ing to  Equation ( 2 ) the t o t a l  
wave fu n c tio n  fo r  th e m olecu le  i s  a determ inant o f  th e m olecu lar  
o r b it a ls  ty j's , th e same determ inant and thus th e same t o t a l  m olecular  
wave fu n c tio n  r e s u lt s  from u sin g  th e  s e t  ^  d e fin ed  by Equation ( l 6 ) .  
I f  th is  tran sform ation  i s  a p p lied  to  the s e t  o f  d i f f e r e n t ia l  equa­
t io n s ,  i t  i s  found th a t the eq uation s take on th e same form as th a t  
o f  the p revious Equations (15) ex cep t th a t th e e 's  have now become
n n
u  = L  Z Tk i ei j Tj £ .  ^
i = i  j= l
S in ce i t  can be shown th a t the e ' s  form a H erm itian m atrix , i t  w i l l  
always be p o s s ib le  to  fin d  a u n ita ry  tran sform ation  T th at  
d ia g o n a liz e s  the e m atrix; th a t i s ,  = 0 u n le s s  i  = j .  Thus, the  
system  o f  Equations (15) can be decoupled in to  standard e ig en v a lu e  
eq u ation s by app ly ing  the u n ita ry  tran sform ation  th a t d ia g o n a liz e s  
the e m a trix . These equations can now be w r itte n  in  the form
F'I'i = i  = 1 , 2 , 3 - *n ( l 8 )
12
in  which the primes have been dropped fo r  con ven ience. The 
q u a n tity  can now be id e n ti f ie d  as the energy o f o r b ita l  \|r̂ . The 
can be r e la te d  to the, core o r b ita l  en erg ie s  through the use
Now i f  t h is  eq u ation  i s  r e la te d  to  Equation ( 6 ) fo r  th e t o t a l  energy  
o f  the m olecu le , th is  t o t a l  energy can now be w r itte n  in  terms o f
N ote th a t  the t o t a l  e le c tr o n ic  energy i s  n o t j u s t  th e  sum o f  th e  
o r b ita l  en erg ie s  because each o r b it a l  energy co n ta in s  an average  
in t e r a c t io n  w ith  a l l  o f  the o th er  e le c tr o n s  and thus a l l  o f  th ese  
in te r a c t io n s  are counted tw ice ; hence th e  c o r r e c tio n  term to  e l im i­
n a te  one o f  th ese  in te r a c t io n s  fo r  each p a ir  o f  e le c tr o n s .
o r b i t a l s .  In p r a c t ic e  th ese  eq u ation s are much too d i f f i c u l t  to  
so lv e  w ith ou t fu rth er  approxim ations concerning th e m olecu lar  
o r b i t a l s ,  th e i |g 's .  The 1 s are u s u a lly  approxim ated by a l in e a r  
com bination o f  atom ic o r b ita ls  (LCAO), accord in g  to  Equation (2 1 ) .
o f  the d e f in i t io n  o f  F, as shown in  Equation (1 9 )-
n
(19)
the H artree-Fock o r b ita l  en erg ie s  e / s  (E quation (2 0 ) ) .
n n n
(2 0 )
i -1  i = l  j= l
In p r in c ip le  E quations ( l 8 ) determ ine th e  m olecu lar
M
(21 )
Tlu; 0 . ' s form the s e t  o f  atom ic o r b ita ls  known as th e b a s is  s e t  and 
J
the C . . ' s  are the c o e f f i c i e n t s  th a t make up the l in e a r  com bin ations. 
J i
The sum extends from one to  M, the t o t a l  number o f  b a s is  s e t  members, 
which may or may not be the same as th e number o f  occupied  o r b ita ls  
in  the m o lecu le . In  g e n e ra l, M w i l l  be la rg er  than th e number o f  
occupied  o r b ita ls ;  con seq u en tly  th e c a lc u la t io n s  w i l l  produce some 
unoccupied m olecular o r b ita ls  ( v ir t u a l  o r b i t a l s )  as w e l l  as the  
occupied  on es . P o s s ib le  b a s is  s e t s  w i l l  be d isc u sse d  la t e r .
I f  Equation ( 2 l )  fo r  the m olecu lar o r b ita ls  i s  su b s t itu te d  
in to  Equation (6 ) fo r  the t o t a l  energy o f  the m o lecu le , an e x p ress io n  
fo r  th e  t o t a l  energy in  terms o f  th e atom ic o r b it a ls  0^ i s  obta ined:
M M
E = I V V 1 I P1/M[(lj|M)-i(lk|“ ]+Un (£2)
i » j = l  i » j » k , i = l
n
r-*
in  which P. . s= 2 ■ C.. C., , (2 3 )r j  u  i k  jlc’
k=l
H. . = f0 .( l )H  0 . ( 1 ) d t , (2k )l j  J x core j i*
and (ij |k j0 ) s  J j0 i ( l ) 0 j ( l ) ^ 0 k (2)0^ (2 )d T 1dT2 . (2 5 )
Now i f  Equation (22) i s  su b s t itu te d  in to  Equation ( l l ) ,  
a m in im ization  by varying the c o e f f ic ie n t s  C can be performed 
and a s e t  o f  equ ation s which in v o lv e  the atom ic o r b ita ls  0^ can be 
o b ta in ed . The r e s u lt  i s  the s e t  o f  equations known as th e Roothaan
l iq u a t io n s , g iv e n  in  E quation  ( i’6 ):
M
I ( V « i s jk ) c k i ' 0  J = ^
k=l
The m atrix  i s  d e fin ed  in  E quation (27)*
M
Fjk = Hjk+ Z. Pj9aC(jfc| J ja|km) ] (27)
j0,m=l
The s e t  o f  Equations (2 6 ) i s  a s e t  o f  a lg e b r a ic  eq u ations ra th er  than 
a s e t  o f  d i f f e r e n t ia l  equation s th a t had been obta ined  p r e v io u s ly .
A s e t  o f  l in e a r  homogeneous eq u ations l ik e  Equations (2 6 ) has a s e t  
o f  n o n tr iv ia l  s o lu t io n s  i f  and on ly  i f  the determ inant o f  th e co ­
e f f i c i e n t s  o f  the v a r ia b le s  (which are the C . . ' s )  i s  zero . Thus, for
J ̂
n o n tr iv ia l  so lu t io n s
d e t lFjk" ei Sj lJ  “ ° -  <28 )
I f  th e Fock m atrix F., were known e x a c t ly , i t  would be easy  to  s o lv e  
the d eterm in an ts1 Equation (2 8 ) fo r  M v a lu es  o f  e^> and then to  
s u b s t i t u te  each in  turn in to  the s e t  o f  E quations (2 6 ) to  g en era te  M 
d if f e r e n t  s e t s  o f  c o e f f i c i e n t s  C.^. However, knowing F ^  im p lie s  
knowledge o f  the c o e f f ic ie n t s  because th e  c o e f f i c i e n t s  e n te r  F ^  
i t s e l f  v ia  P ^ ,  the d e n s ity  m atrix . Thus an i t e r a t iv e  s o lu t io n  i s  
u s u a lly  employed.
An i n i t i a l  s e t  o f  c o e f f ic ie n t s  C.. i s  e stim a ted . This 
i n i t i a l  gu ess i s  used to  compute P^. from Equation (23 ) and P „
in  used to form th e Fock m atrix from Equation ( 2 J ) .  Then th e  
d eterm inan ta l Equation (2 8 ) i s  used to  compute the M roots • Each 
o f  th ese e V s  i s  s u b s t itu te d  in  turn in to  the Roothann Equations 
(2 6 ) to  o b ta in  a new s e t  o f  c o e f f ic ie n t s  fo r  each m olecu lar o r b i t a l .  
Then th e procedure i s  rep eated  w ith  th e  new s e t  o f  c o e f f ic ie n t s  
which has ju s t  been gen era ted . This procedure i s  rep eated  u n t i l  the  
o r b ita l  en erg ies  and /or th e  c o e f f i c i e n t s  converge to  w ith in  some 
a r b itr a r y  l im it s ;  th a t i s ,  u n t i l  the c a lc u la t io n s  produce s e l f -  
c o n s is te n c y  between th e in p u t s e t  o f  c o e f f i c i e n t s  and the output s e t  
o f  c o e f f i c i e n t s .  T his procedure produces o r b ita l  en erg ie s  and 
c o e f f ic ie n t s  fo r  h ig h er  energy unoccupied o r b it a ls  as w e ll  as the 
occupied on es, s in c e  as many s o lu t io n s  as th e number o f  b a s is  s e t  
members th a t were used (m) are ob ta in ed .
P o s s ib le  b a s is  s e t s  fo r  u se  in  m olecu lar  o r b ita l  c a lc u la ­
tio n s  w i l l  now be d is c u s se d . U su a lly  th e b a s is  members are chosen  
to be atom ic o r b it a ls  cen tered  on each atom. Three main c la s s e s  o f  
atom ic o r b ita l  b a s is  s e t s  are used; they are m in im al-b asis  s e t s ,  
v a le n c e -b a s is  s e t s ,  and ex ten d ed -b a sis  s e t s .  A m in im al-b asis  s e t  
con ta in s a l l  atom ic o r b it a ls  on each cen ter  up to  and in c lu d in g  th e  
v a le n c e - s h e l l  o r b i t a l s .  A v a le n c e -b a s is  s e t  in c lu d e s  on ly  the  
v a len ce  o r b ita ls  on each c e n te r , and an ex ten d ed -b a sis  s e t  in c lu d e s  
a m in im al-b asis s e t  p lu s some more o u t e r - s h e l l  o r b ita ls  on one or  
more c e n te r s . An example o f  each type o f  b a s is  s e t  fo r  carbon fo llo w s .
M inim al-basis s e t  - I s ,  2 s ,  2p , 2p , 2px ry rz
V a len ce -b a s is  s e t  - 2 s ,  2p , 2p , 2prx y *z
E xtended-basis s e t  - I s ,  2 s ,  2p , 2p , 2p , 3 s ,  3px y z x
Iii the ca.se o f  v a le n c e -b a s is  s e t s ,  the in n e r - s h e l l  o r b ita ls  are  
con sid ered  to  be part o f  the core .
There are s e v e r a l p o s s i b i l i t i e s  for  the type o f a n a ly t ic a l  
fu n ctio n s  th a t can be used as atom ic o r b it a ls  in  the b a s is  s e t .  
H ydrogenic s o lu t io n s  o f  th e  form
0 ( r ,6 ,0 )  = Rnja(r)Y Xrn( e ,0 )  ( 2 9 )
could  be u sed . i s  th e r a d ia l wave fu n c tio n , and thus depends
on ly  on r , w h ile  are well-know n s p h e r ic a l harmonics which
exp ress angular dependence o f th e wave fu n c tio n . These R ^  fa c to r s  
take on th e form
■ KPn / r ) e ' Cr (30)
in  which K i s  a co n sta n t; Q, the o r b ita l  exponent, i s  equal to  Z
(n u c lea r  charge) d iv id ed  by n (p r in c ip a l quantum number); and P (r )n Xj
i s  a polynom ial in  r . Now th ese  fu n ctio n s make the e v a lu a tio n  o f  
many o f  th e  in te g r a ls  required  fo r  m olecu lar o r b ita l  c a lc u la t io n s  
d i f f i c u l t ,  p rim arily  because o f  the presence o f  Pn ^ (r ) . Thus, S la te r  
in trod u ced  a sim pler  form fo r  R . ( r ) ,  g iv en  by Equation (^ l) -
^ Xj
) ! ] ' * r n~ V Cr (3 1 )
These are c a l le d  S la te r -ty p e  o r b ita ls  (STO); s in c e  they are node-
le s s  in  th e v a r ia b le  r , they  are not a l l  orthogon al to  each o th er .
However, t h is  i s  not a se r io u s  handicap i f  a v a le n c e -b a s is  s e t  i s
used , s in c e ,  by symmetry, n s, np , np , and np are a l l  orthogonalx y z
Lo each oth er  even i f  they are S la te r - ty p e  fu n c t io n s .  Complications  
a r i s e  in  minimal- and ex ten d ed -b asis  s e t s  because Is i s  not  
orthogonal to n s(n  /  l )  for  S la t e r - t y p e  o r b i t a l s ;  and l ik e w is e  for  
the p S la t e r - t y p e  o r b i t a l s .  There are procedures to form an o r th o ­
gonal s e t  from th ese  STO's.
Considering the Is as part o f  the core as i s  done for  
v a le n c e -b a s is  s e t s  e l im in a te s  the problem o f  the 2 s not being  
orthogonal to  I s .  The o r b i t a l  exponents £ are eva lu a ted  for  each 
s u b s h e l l  by means o f  S la t e r ' s  r u l e s , 11 which take in t o  account  
p a r t ia l  s h ie ld in g  o f  the nucleus by in n e r - s h e l l  e l e c t r o n s .  These 
S la t e r - t y p e  o r b i t a l s  are probably the ones most w id e ly  used in  
m olecular  o r b i t a l  c a lc u la t io n s ,  although there are o ther  p o s s i b i l i t i e s  
such as Gaussian fu n ct io n s  or lobe fu n c t io n s ,  both o f  which have 
c h a r a c t e r i s t i c  advantages and d isad van tages .
Thus fa r  the t o t a l  m olecular  wave fu n c t io n  has c o n s is te d  
o f  a s i n g l e  determ inant th at has a l l  o f  the low est energy m olecular  
o r b i t a l s  doubly occupied . However, the SCF ( s e l f - c o n s i s t e n t  f i e l d )  
c a lc u la t io n  produces v ir t u a l  o r b i t a l s  as w e l l  as occupied ones, 
provided th a t  the b a s is  s e t  i s  b ig g er  than the number o f  occupied  
o r b i t a l s ,  as i t  u s u a l ly  i s .  The wave fu n ctio n  might be improved by 
mixing in  sm all amounts o f  e x c i t e d  s t a t e  c o n f ig u ra t io n s ;  th a t  i s ,  
c o n f ig u r a t io n s  in  which one or more e le c tr o n s  have been promoted 
from the o r b i t a l  i t  occupies in  the ground c o n f ig u ra t io n  to  v i r t u a l  
o r b i t a l s .  This p rocess  i s  termed c o n f ig u ra t io n  in t e r a c t io n ,  and 
i t  a l s o  improves e x c i t e d  s t a t e  en erg ie s  s in c e  i t  mixes to g e th er  many
11. S la t e r ,  J . C ., Phvs. Rev. ,  3 6 , 57 ( 1930 ) .
18
d i f f e r e n t  c o n f ig u r a t io n s .  The t o t a l  wave fu n ctio n  for  any o f  the  
e l e c t r o n ic  s t a t e s  can now be rep resen ted  by
where Y i s  th a t  ground s t a t e  c o n f ig u r a t io n  g iven  by Equation (2 ) ,
e l e c t r o n ic  s t a t e s  as the number o f  co n fig u ra t io n s  th a t  were inclu ded  
in  the c o n f ig u r a t io n  in t e r a c t io n .  The mixing c o e f f i c i e n t s  a, b, 
c , • ••  fo r  each e l e c t r o n ic  s t a t e  must be determined. The form o f  the  
equation  su g g e s ts  another l in e a r  v a r ia t io n a l  problem to be so lved  
in  order to  minimize the t o t a l  energy j u s t  as was done fo r  each 
m olecular o r b i t a l .  The d i f f e r e n c e  i s  th a t  now the wave fu n ct io n s  th a t  
en ter  the system o f  equations th a t  r e s u l t  in  the s e c u la r  determ inant  
are co n fig u ra t io n s  fo r  the whole m olecu le . The s e c u la r  determinant  
becomes




and a l l  o f  the o th er  Y's are c o n f ig u ra t io n s  formed by e x c i t in g  
e le c tr o n s  in t o  v i r t u a l  o r b i t a l s .  Equation (3 2 ) r ep resen ts  as many
Hoo“E Hoi Hoa**" Hop 
H10 H n - E  H1 2 - - -  Hip = 0 





S in ce  p+1 c o n f ig u ra t io n s  are being  mixed, the determ inantal equation  
w i l l  g iv e  p+1 roo ts  for  the energy and thus p+1 d i f f e r e n t  s e t s  o f  
the mixing c o e f f i c i e n t s  a , b, c ,  ••*. For each energy E^, E  ̂ - EQ w i l l
g iv e  the t r a n s i t io n  energy from the ground s t a t e  to  s t a t e  i ,  and 
thus th ese  e n e r g ie s  can be compared w ith  the e l e c t r o n ic  sp ec tra  o f  
the m olecu le . A l l  th a t  i s  needed to  ob ta in  the co rr e c t  l in e a r  
combinations are the in t e r a c t io n  e n e r g ie s  These can be eva lu ated
u sing  standard procedures fo r  e v a lu a t in g  m atrix elem ents between
i p
d i f f e r e n t  c o n f ig u r a t io n s .
I f  c o n f ig u r a t io n  in t e r a c t io n  i s  not done, th ese  t r a n s i t io n  
e n e rg ie s  can be c a lc u la te d  by c o n s id er in g  which in t e r a c t io n s  are  
l o s t  or gained upon promotion o f  an e le c t r o n  from i t s  ground s t a t e  
o r b i t a l  i  to a v i r t u a l  o r b i t a l  j .  The r e s u l t  i s  g iv en  by Equation
(55 ) .
AE -  (35 )
The upper s ig n  g iv e s  the r e s u l t  fo r  the e x c i t e d  s i n g l e t  and the  
lower s ig n  g iv e s  th e  r e s u l t  for  i t s  corresponding t r i p l e t .
A c o n s id e r a t io n  o f  th e  H „  produces s e v e r a l  in t e r e s t in g  
fe a tu re s  o f  the c o n f ig u r a t io n  in t e r a c t io n  scheme. Any H „  fo r  which 
one c o n f ig u r a t io n  i s  a s i n g l e t  and the o th er  i s  a t r i p l e t  w i l l  be 
zero , s in c e  in t e g r a t io n  over the sp in  co o rd in a tes  o f  the e le c tr o n  
which has a d i f f e r e n t  s p in  in  the two c o n f ig u r a t io n s  w i l l  produce 
zero . This means th a t  th ere  w i l l  be no in t e r a c t io n  between s i n g l e t s  
and t r i p l e t s ;  the two kinds o f  c o n f ig u ra t io n s  do not mix. Thus one 
c o n f ig u r a t io n  in t e r a c t io n  can be done for  s i n g l e t s  and a second for  
t r i p l e t  s t a t e s .  A lso ,  i f  only  o n e -e le c tr o n  e x c i t a t io n s  are in c lu ded
12. R ichards, W. G ., and H orsley , J. A . ,  Ab I n i t i o  M olecular O rb ita l  
C a lcu la t io n s  fo r  Chem ists, Clarendon P ress , Oxford, Chapter ^
( 1970 ) .
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i n the c o n f ig u r a t io n  in t e r a c t io n  scheme, i t  can be shown th a t  
because o f  the d i f f e r e n t  symmetries o f  the ground c o n f ig u ra t io n  and 
any s in g l e - e l e c t r o n  e x c i t a t io n  c o n f ig u r a t io n  the g rou n d -sta te  con­
f ig u r a t io n  cannot d i r e c t l y  in t e r a c t  w ith  any o f  th ese  s in g ly -  
e x c i t e d  c o n f ig u r a t io n s .  Thus i f  a c o n f ig u ra t io n  in t e r a c t io n  scheme 
i s  done in v o lv in g  only  s i n g l y - e x c i t e d  c o n f ig u r a t io n s ,  only  the  
e x c i t e d  c o n f ig u r a t io n s  w i l l  in t e r a c t .
There are s e v e r a l  p r o p e r t ie s  o f  the m olecule  o ther  than 
the energy which can be c a lc u la te d  once the wave fu n ctio n s  are known. 
The d ip o le  moment can be c a lc u la te d  by o b ta in in g  the n et  d isp lacem ent  
o f  p o s i t i v e  and n e g a t iv e  charge from the cen ter  o f  g r a v ity  o f  the  
m o lecu le .  There are two c o n tr ib u t io n s  to  the d ip o le  moment: the
n u c le i ,  whose c o n tr ib u t io n  i s  determined once the nu clear  geometry  
i s  f ix e d ,  and the e l e c t r o n i c  c o n tr ib u t io n ,  which i s  determined by 
the e le c tr o n  d e n s i ty ,  which i s  o f  course  determined by the c a lc u la te d  
wave fu n c t io n .  This c a lc u la te d  d ip o le  moment can then be compared 
w ith  experim en ta l v a lu e s .
The o s c i l l a t o r  s tr en g th  (which i s  p rop ortion a l to the  
i n t e n s i t y )  can be c a lc u la te d  fo r  a t r a n s i t io n  between two e le c t r o n ic  
s t a t e s  from the equation
f ( k , l )  = (8ne m c v (k ,l ) /3 h e 2 ) [ M * (k ,l )M (k ,l ) ]  ( 3 6 )
in  which m and e are the charge and mass o f  the e le c tr o n ,  r e s p e c t iv e ly ,  
v ( k , l )  i s  the frequency o f  the t r a n s i t io n  from s t a t e  one to  s t a t e  k, 
and M (k ,l)  i s  the t r a n s i t i o n  d ip o le  moment d efin ed  by
M (k ,l)  = JVk^  e r ^ d r  (3 7 )
P
in  which Yj i s  th e  wave fu n c t io n  fo r  th e  f i n a l  s t a t e ,  Y i s  th e
wave fu n c t io n  fo r  the. i n i t i a l  s t a t e ,  r i s  the p o s i t io n  v e c to r  fo r
P
th e pth e le c t r o n ,  and th e  summation ex ten d s  o v er  a l l  o f  th e  e l e c t r o n s .  
Thus, once th e  wave fu n c t io n s  fo r  a l l  o f  th e  e l e c t r o n ic  s t a t e s  a re  
known, t h e o r e t i c a l  t r a n s i t io n  i n t e n s i t i e s  can be c a lc u la t e d .
The CNDO A pproxim ation
Thus fa r ,  the assumption has been made th a t  every in t e g r a l  
would be c a lc u la te d  e x a c t ly .  In p a r t ic u la r ,  co n s id er  the in t e g r a ls  
o f  the form ( i j  |kjg.) d e f in ed  by Equation (2 5 ) .  Note th a t  th ese  are  
a l l  tw o -e le c tro n  i n t e g r a l s .  Depending on the lo c a t io n s  o f  atomic  
o r b i t a l s  i ,  j ,  k, and th ese  may be o n e -c e n te r ,  tw o -cen ter ,  th ree -  
c e n te r ,  or fo u r -c e n te r  in t e g r a l s .  In c a lc u la t io n s  in v o lv in g  m ole­
c u le s ,  a l l  o f  th ese  in t e g r a l s  can be c a lc u la te d ,  a lthough the ones  
in v o lv in g  th ree  and four cen te r s  are extrem ely  d i f f i c u l t .  This i s  
what i s  done in  an ah i n i t i o  treatm ent. However, as th e  s i z e  o f  the  
m olecule  g e t s  la r g e r ,  the e v a lu a t io n  o f  th e  in t e g r a l s  becomes more 
and more d i f f i c u l t  and time-consuming, even i f  the c a lc u la t io n  i s  
being done by computer. T herefore , c e r ta in  sem iem pir ica l approxima­
t io n  schemes became popular in  order to  do c a lc u la t io n s  on polyatom ic  
m o le c u le s .  One o f  the most w id e ly  used o f  th e se  schemes i s  the CNDO 
(com plete  n e g le c t  o f  d i f f e r e n t i a l  ov er la p ) method. Pople and 
B everidge , in  t h e i r  book Approximate M olecular O rb ita l Theory, g iv e  
a l i s t  o f  requirements th a t  any good approximate m olecu lar  o r b i t a l  
method should s a t i s f y . 13
1 3 . P o p le , J .  A .,  and B e v e r id g e , D. L . , A pproxim ate M olecu lar  O r b ita l  
T heory, M cG raw -H ill, I n c . ,  New York, p 58 ( l^ fO ) .
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The CNDO method u ses  a v a le n c e -b a s is  s e t ,  and the in n er-  
s h e l l  o r b i t a l s  are  trea ted  as part o f  the  co re .  The approxim ations  
th at are in vo lved  in  s im p li fy in g  the in t e g r a l s  so th a t  they can be 
handled in  a reasonab le  amount o f  computer time w i l l  now be examined. 
The most b a s ic  o f  the assumptions i s  th a t  a l l  d i f f e r e n t i a l  overlap  
d is t r ib u t io n s  o f  the form 0 ^ ( l ) 0 j ( l ) d T  are  s e t  equal to  zero u n le s s  
i  = j .  This causes the g en era l  e le c tr o n  r e p u ls io n  in t e g r a l  ( i j  \\aH) 
Equation ( 2 5 ))  to  be r ed ef in ed  by
( i j | k f )  = ( i j  |kj0) j 6kj  ̂ • (3 8 )
Thus the in t e g r a l  becomes zero u n le s s  i  = j and k = I .  This r e ­
d u ction  a u to m a tic a l ly  e l im in a te s  a l l  th r e e -  and fo u r -c e n te r  
in t e g r a l s .  L ik ew ise , th e  corresponding ov er la p  in t e g r a l s  are now
n e g le c te d  when th e  m olecu lar  o r b i t a l s  are  norm alized: thus the S . .
i j
are  red ef in ed  fo r  the purposes o f  n o rm aliza tion  by
S. . = S. .6 . . . (39)
i j  i j  iJ
However, the core in t e g r a l s  H „  g iv en  by Equation (2b )  are not
n e g le c te d ,  but they may be a ss ig n ed  an em p ir ica l  value in s te a d  o f
being computed t h e o r e t i c a l l y .
S u b s t i tu t in g  th ese  approxim ations in t o  th e  Roothaan
eq u a t io n s ,  a s im p l i f i e d  v e r s io n  r e s u l t s :
M
I (V €i )Ck i ‘ ° J -  1 . 2 . 3 - ( *°>
k=l





Fjk = Hjk '^ Pj k ( j j lkk) ’ (k2)
These approximations not on ly  e l im in a te  a l l  th r e e -  and fo u r -ce n te r
i n t e g r a l s ,  but they a l s o  e l im in a te  many tw o-cen ter  in t e g r a l s ;  fo r
example, ( i j |k k )  where i  and j are on th e  same c e n te r .  Thus the
computations have been g r e a t ly  s im p l i f i e d .
In the use o f  th ese  approxim ations, some problems might
a r i s e  u n le s s  some fu r th e r  approxim ations are made. These problems
a r i s e  because the d e s c r ip t io n  o f  th e  charge d i s t r ib u t io n  0 ^ ( l ) 0 ^ ( l ) ,
which i s  n e g le c te d  u n le s s  i  = j ,  can transform  under r o ta t io n  o f
axes in t o  a form which in v o lv e s  0 . 2 ( l )  and 0 .2 ( l ) ,  which are not
i  J
n e g le c te d  as a r e s u l t  o f  the  CNDO approxim ation. The approximations  
should be in v a r ia n t  w ith  r e sp e c t  to  a ch o ice  o f  coord inate  system . 
T herefore , the fu rth er  assumption i s  made th a t  ( i i | k k )  does not  
depend on the type o f  the o r b i t a l s  i  and k but only  on the atoms on 
which they  are lo c a te d .  This can be w r it te n
( i i | k k )  = -yar fo r  a l l  i  on atom A /, \
Aa  a l l  k on atom B.
This can be considered  to  be an average rep u ls io n  between a 
v a len ce  e le c tr o n  on atom A and a va len ce  e le c tr o n  on atom B.
Next a a e r ie s  o f  approximations about the core Hamiltonian
A A
operator  H i s  made. H ,core core i s  g iven  by
a = -^v2 - y  v R (i+it.)core /Lj B
B
in  which V„ i s  the p o t e n t ia l  due to  the core o f  atom B. In the  
ca se  o f  an o r b i t a l  lo c a te d  on atom A, the  d iagon a l elem ents o f  the  
core matrix can be expressed  by
W l  ( 3 |VB IJ ) - t t 5 >
B^A
The q u a n t ity  U.^ i s  th e  o n e -c e n te r  term fo r  atom A and can be 
w r it t e n
s (j|-i^-vA|j). (k6)
This IL_. i s  an atom ic q u a n tity  and i s  obta ined  semi e m p ir ic a l ly  from 
atom ic data; how t h i s  i s  done w i l l  be d isc u sse d  l a t e r .  The in t e g r a l s  
( j |V g | j )  r ep resen t  in t e r a c t io n s  o f  an e le c tr o n  in  o r b i t a l  j on atom 
A w ith  the core o f  atom B. Again, because o f  the n e c e s s i t y  o f  
p reserv ing  r o t a t io n a l  in var ian ce  o f  the approxim ations i s  
d efin ed  as
VAb = ( j | vB | j )  fo r  a11  j on A. ( k j )
Thus the d iagon al elem ents o f  the core Hamiltonian reduce to
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Now c o n s id e r  th e  o f f - d ia g o n a l  e lem en ts  H .. . F i r s t ,  l e t
b oth  0 .  and 0. be on th e  same atom , A. T h is a llo w s  H., to  be  
J k jk
w r it t e n  in  th e  form
V  V l ( j | v e | k ) - ( 4 9 )
B^A
Assum ing th a t  o r b i t a l s  o f  th e  s ,  p , d • • •  ty p e  a r e  u se d , = 0
b eca u se  th e s e  o r b i t a l s  form an orthonorm al s e t .  A l l  o f  th e  secon d
term s correspon d  to  in t e r a c t io n s  o f  th e  ch arge d i s t r ib u t io n
0 . ( l ) 0 ,  ( l )  w ith  th e  co re  o f  o th e r  atom s. But s in c e  by an e a r l i e r  
J
ap p rox im ation  t h i s  d i f f e r e n t i a l  o v e r la p  i s  s e t  eq u a l to  z e r o ,
H,, = 0 fo r  a l l  o r b i t a l s  j  and k on th e  same atom . The n e x t  c a s ejK
to  c o n s id e r  i s  th a t  0 .  and 0, can be on two d i f f e r e n t  c e n t e r s ,  A
J K
and B. Now H M can be w r it t e n  in  th e  form  Jk
Hjk = £  Vc |k )  0 j  °n  A . (5 0 )
C 0, on B 
C #  k
The fo u r th  term  in  t h i s  e x p r e s s io n  in v o lv e s  t h r e e - c e n t e r  in t e g r a l s  
w hich w i l l  be n e g le c t e d .  The p a r t th a t  i s  l e f t  i s  a m easure o f  th e  
lo w er in g  o f  th e  en ergy  o f  an e le c t r o n  th a t  i s  n ea r  atoms A and B 
s im u lta n e o u s ly . T h is i s  c a l l e d  a reso n a n ce  in t e g r a l  and i s
d en oted  by I t  i s  approxim ated  s e m ie m p ir ic a l ly  by
Pjk = Sjk PAB
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In which 0 ^  1.;; a con stan t Lhat depends only  on tho nature o f  atoms 
A and B. I t  i s  reasonable, for the resonance in t e g r a l ,  which measures 
a degree o f  chemical bonding, to depend on the ov er la p . More 
overlap  i s  in d ic a t iv e  o f  more p o t e n t ia l  for  bonding.
With the approxim ations j u s t  d escr ib ed , the F matrix has
reduced to
FJ J - Uj j +  (PAA-frPj  J> W  I (P BByAB_VAB) (52)
and Fjk= ^ABSjk ”^PjkYAB I * k ‘
In both o f  th ese  e x p r e s s io n s ,  0^ i s  centered  on atom A. Equation  
( 5 3 ) holds i f  0^ i s  cen tered  e i t h e r  on atom A a l s o ,  or  on a d i f f e r e n t  
atom B. I f  0^ i s  a l s o  cen tered  on A, 0 and y ^  becomes y
PAA an(* PBB r e ê r  to  t *ie  t o t a l  charge d e n s i ty  on atoms A and B 
r e s p e c t iv e ly .  This t o t a l  charge d e n s i ty  on atom A i s  g iven  by
PAA I * u  (5 l , )
occupied o r b i t a l s  
on A
U )
and the same type o f  e x p r ess io n  ho ld s  for  P™.BB
Once th e s e  ex p r ess io n s  fo r  the F m atrix have been ob ta in ed ,  
Equation 0+O) and i t s  determ inan ta l s e c u la r  equation  can be used ,  
and the procedure i s  the  same as p r e v io u s ly  d escr ib ed . A l l  th a t  i s  
needed to  com p lete ly  s p e c i f y  the F m atrix i s  a d e c i s io n  o f  how to
e i t h e r  c a l c u la t e  or approxim ate th e q u a n t i t ie s  Ujj> \ ab’
VAtf arK' ®jlc* can b° d°nG w ith  any one o f  a v a r ie ty  o f
p aram eter iza tion  schemes, which s h a l l  now be d is c u s se d .
The CNDO/2 Param eteriza tion
The CNDO/2 param eter iza tion  scheme r e ta in s  many o f  the
fe a tu re s  o f  the e a r l i e r  CNDO/1 scheme. These fe a tu re s  in c lu d e  ( l )
The b a s i s  s e t  i s  a va len ce  b a s i s  s e t  o f  S la t e r - t y p e  o r b i t a l s  with
o r b i t a l  exponents chosen according to S l a t e r ' s  r u le s ,  except th a t
a va lue  o f  1 .2  i s  a ss ig n ed  to  the hydrogen o r b i t a l  exponent, because
t h i s  i s  the b e s t  va lue  obta ined  in  an ab i n i t i o  c a lc u la t io n  on the
H2  m olecu le; (2 ) The overlap  in t e g r a l s  S. . are c a lc u la te d  e x p l i c i t l y
1 J
by means o f  an in t e g r a t io n  technique in v o lv in g  p ro la te  sp h ero id a l  
c o o r d in a te s ; 14  (3 ) The e le c tr o n  r ep u ls io n  in t e g r a l s  are c a lc u la te d  
w ith  the u se  o f  va len ce  s fu n c t io n s  on both c e n te r s ;  Equation (55)  
i s  used fo r  t h i s  purpose.
w  IJ’s! ( 1 )^ t C 2 >dTi ‘lT2 ( 5 5 )
These in t e g r a l s  are a l s o  c a lc u la te d  e x p l i c i t l y  by means o f  a 
transform ation  fo r  th e  l / r i 2  operator  and o th er  mathematical  
form ulas . 15  The y^  r ep u ls io n  i n t e g r a l s ,  which d i f f e r  from y ^  
on ly  in  th a t  both o r b i t a l s  are  lo c a te d  on the same c e n te r ,  are
l̂ l . Pople , J. A . ,  and B everidge, D. L . ,  l o c .  c i t . , pp 199-200.
15- Pople , J. A . ,  and B everidge, D. L . ,  l o c .  c i t . ,  pp 200-203.
eva lu a ted  in  an analogous way to that o f  Y^g*Lt3 ' l̂e  resonance
■Integral i s  approximated by
»ab‘  (Pa +  (£> <56)
°  Oin  which depends only  on the nature o f  atom A, and depends 
only on the nature o f  atom B. Thus on ly  one parameter needs to  
be a ss ig n ed  fo r  each elem ent, and th ese  parameters are s e l e c t e d  to  
g iv e  the b e s t  f i t  w ith  ab i n i t i o  c a lc u la t io n s  on sm all m o lecu les .  
The q u a n tity  K i s  a con stan t th a t  i s  equal to  one i f  both A and B 
are f i r s t  or second row elem ents (H through f ) and .75 i f  e i t h e r  
A or B i s  a th ir d  row elem ent (Na through C l) .  The use  o f  th is
con stan t K was found e m p ir ic a l ly  to  improve the performance o f  the
o
'abtheory, and th is  in c lu s io n  o f  K in  the formula fo r  (3?„ i s  an
e x te n s io n  o f  CNDO/1 found in  CNDO/2.
Other d i f f e r e n c e s  between the two schemes in c lu d e  the
methods by which CNDO/l and CNDO/2 approximate the in t e g r a l s  and
the lo c a l  core m atrix  e lem ents U . . .  Whereas the V . ' s  o f  CNDO/1 were
J J  a b
c a lc u la te d  e x p l i c i t l y ,  CNDO/2 r e l a t e s  them to the e le c tr o n  rep u ls io n  
in t e g r a l s  v ia  th e  n u clear  charge on atom B; Equation (57) shows how 
t h i s  r e la t io n  i s  made.
VAB= V 'A B  (5 7 )
This change was made because i t  was found th a t  CNDO/1 was g iv in g
16 . Pople , J. A . ,  and B everidge, D. L . ,  lo c .  c i t . ,  pp 203-20^.
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c o n s i s t e n t l y  high va lues  fo r  the. d i s s o c i a t i o n  energy, and the
change p a r t ly  co rrected  the problem.
In both CNDO/1 and CNDO/;.’ the lo c a l  core elem ents U ..  are
j j
est im a ted  w ith  th e  u se  o f  atom ic data; however, CNDO/1 uses  only
io n i z a t io n  p o t e n t ia l s  1^ whereas CNDO/2 a l s o  in c lu d e s  e le c tr o n
a f f i n i t i e s  A . .  The b a s ic  r e l a t i o n  used in  CNDO/1 i s  
J
" V  uj j +  <ZA '1)yAA 0j on A- (58)
The equation  r e la t in g  the e le c tr o n  a f f i n i t y  to the q u a n t i t ie s  o f  
i n t e r e s t  i s
' V  Ujj+ V m °" A- (59)
CNDO/2 uses  th e  average o f  th ese  two experim ental q u a n t i t i e s ;  th is  
average can be w r i t t e n  in  the form
- M i . + A . )  = U . .+  0 .  on A. (60)J J J J  A AA j
With th ese  approxim ations and some rearrangements, the Fock matrix  
can be w r i t t e n  in  f i n a l  form fo r  CNDO/2 c a l c u la t io n s .  I t  i s  g iven  by
V  - i ( l j +A3)+ [(P AA-ZA) - « Pj J - l ) ^ AA+ I (PBB-ZB) VAB <6 1 >
B^A
and
Fjk 2 ^A  + PB^Sjk"^Pjk VAB J ^ k ‘ (62)
In both o f  th ese  r e la t io n s ,  0 ,  i s  centered  on atom A, and 0. i sj k
centered on atom B, in  which B may or may not be the same atom as A.
The fu n ction s  0 .  and 0, en ter  th ese  r e la t io n s  by means o f  th e ir  j k
in d ic e s  j and k; the su b scr ip ted  q u a n t i t ie s  depend on th ese  fu n c t io n s .
The CNDO/S P aram eterization
The CNDO/S param eteriza tion  was introduced by Del Bene and 
J a f f e 17  in  order to  c o r r e la te  c a lc u la te d  t r a n s i t io n  en erg ies  with  
e l e c t r o n ic  s p e c tr a .  I t  was found th a t  the CNDO/2 param eterization  
did not y i e l d  good p r e d ic t io n s  fo r  t r a n s i t i o n  e n e r g ie s .  The b a s ic  
CNDO method remains the same; once a l l  the parameters are chosen, the  
c a lc u la t io n  o f  th e  m olecular  o r b i t a l s  i s  done in  e x a c t ly  the same 
manner as a l l  o th er  CNDO schemes. The new approximations introduced  
in  CNDO/S fo l lo w .  ( l )  The e le c tr o n  r ep u ls io n  en erg ies  are now 
chosen d i f f e r e n t l y .  R eca ll  th a t  in  CNDO/2 they were c a lc u la te d  
e x p l i c i t l y  by the use  o f  s o r b i t a l s  and made a fu n ctio n  on ly  o f  the  
type o f  atoms in v o lv ed  and not the type o f  o r b i t a l s .  In CNDO/S the 
y ^ ’ s (o n e -ce n te r  i n t e g r a l s )  are chosen sem iem p ir ica l ly  to be the 
d if f e r e n c e  between the i o n iz a t io n  p o t e n t ia l  and e le c tr o n  a f f i n i t y  
for the Is o r b i t a l  o f  hydrogen and the p o r b i t a l s  o f  n itro g en ,  
carbon, and oxygen. The Y^g's were o r i g i n a l l y  chosen by the use o f  
an e x tr a p o la t io n  technique proposed by P a r is e r . 18  However, in  
l a t e r  work J a f f e 1 9  concluded th at b e t t e r  r e s u l t s  were obtained i f
I J .  Del Bene, J . , and J a f f e ,  H. H ., J . Chem. Phvs. ,  U8 , 180/ ( 1968) .
18. P a r is e r ,  B. R . , and Parr, R. G ., J. Chem. Phvs. .  2 1 , j 6 j  (1953)-
1 9 . E l l i s ,  R. L . ,  Huehnlenz, G., and J a f f e ,  H. H ., Theoret. Chim. 
A cta , 26 , 131 ( 1 9 /2 ) .
the Mataga method20  was used to approximate th e  Y^g's * This method 
c a lc u la t e s  the Ŷ b* s means o f  the equation
YAB~ -̂RAB+ 2 / ( y AA+ YBB^
in  which RAT, i s  the d is ta n c e  between atoms A and B in  atomic u n i t s .Ad
and Ygg are determined in  the manner s ta te d  p r e v io u s ly .  ( 2 )
The o th er  major change occurs in  the c a lc u la t io n  o f  the resonance  
i n t e g r a l s .  In th e  b a s ic  CNDO approxim ation (30 , s are c h a r a c t e r i s t i c  
o f  only  the type o f  atom and not the o r b i t a l  w ith  which they are  
a s s o c ia t e d .  CNDO/S in tro d u ces  a new va lue  fo r  (3 when i t  i s  a TT-type 
o r b i t a l .  The new 0 ' s  are d e f in ed  by the equations
and
( S , )
e V  (65)
This K i s  not the K introduced in  CNDO/2 for  th ird  row e lem en ts .
CNDO/S i s  parameterized for  on ly  hydrogen, n itro g e n ,  carbon, f lu o r in e ,
c h lo r in e ,  boron, and oxygen atoms. This K was chosen to g iv e  the
b e s t  f i t  w ith  s p e c tr o sc o p ic  data obtained from s tu d ie s  o f  compounds
such as benzene and arom atic compounds co n ta in in g  n itr o g e n .  The
ITvalue chosen fo r  K was O.5 8 5 . I t  i s  im portant to  note  th a t  0^  i s  
used to e v a lu a te  the component o f  the in t e r a c t io n  o f  2 p atomic
20 . N ishim oto, K ., and Mataga, N. Z . ,  Z. Phvsik , Chem. ,  12, 335
( 1957)j 11, 1*1-0 ( 1957).
orb itaL s perpendicular to  the bond a x i s ,  even i f  th ese  p o r b i t a l s  
are part o f  the sigma framework. L ikew ise , the formula for  i s  
used to ev a lu a te  th at component o f  th e  in t e r a c t io n  th at i s  p a r a l l e l  
to  the bond a x i s .
Thus the  CNDO/S method i s  b a s i c a l l y  the same as th a t  o f  
CNDO/2 except th a t  d i f f e r e n t  parameters are used to  g iv e  a b e t t e r  f i t  
w ith  s p e c tr o sc o p ic  data .
The CNDO/2 Program
The CNDO program th a t  was used in  t h is  work i s  one w r i t te n  
by Pople and Dobosh for  u se  on the  IBM 3 6 0 /6 5  d i g i t a l  computer. A 
l i s t i n g  o f  the program can be found in  Appendix A o f  Pople and 
B ev er id g e 's  book .21 The program computes CNDO wave fu n ction s  for  
m olecules  by means o f  the CNDO/2 p aram eter ization  scheme d isc u sse d  in  
a previous s e c t io n .  There i s  an op t io n  a v a i la b le  to  use an INDO 
( in term ed ia te  N e g le c t  o f  D i f f e r e n t i a l  Overlap) techniq ue, which i s  a 
m o d if ic a t io n  o f  CNDO, fo r  elem ents hydrogen through f lu o r in e .  The 
b a s ic  d i f f e r e n c e  between CNDO and INDO i s  th at INDO r e ta in s  monatomic 
d i f f e r e n t i a l  overlap ; however, INDO on ly  in c lu d es  t h i s  overlap for  
o n e -c e n te r  in t e g r a l s .  S in ce  INDO was used on a few m olecules and i t  
was found th a t the r e s u l t s  were very  s im i la r  to  CNDO, CNDO was used  
e x c lu s i v e ly  from th a t  time on.
The program w i l l  do CNDO c a lc u la t io n s  on c lo se d  s h e l l  
m olecu les  (no unpaired e le c t r o n s )  and open s h e l l  m olecules (one or
21. Pop le , J . A . ,  and B everidge, D. L . ,  lo c .  c i t . ,  pp 165-195•
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more u n p a ired  e le c t r o n s )  th a t  c o n ta in  any e lem en t from hydrogen  to
c h lo r in e .  In  th e  c a s e  o f  h yd rogen , o n ly  th e  I s  a tom ic fu n c t io n  i s
u sed  in  th e  b a s i s  s e t ;  fo r  secon d  row e le m e n ts , fo u r  a tom ic  o r b i t a l s
( 2 s ,  2p , 2p > 2p ) a re  in c lu d e d ;  and f o r  th ir d  row e le m e n ts , n in e  x  y  z
b a s i s  s e t  members (^ s ,  3 px> 3Py > 3PZ> 3d z2 ,  3dX2> 3dy z > 3dx y > 3dx2 - y2 )  
a r e  in c lu d e d . The program can h a n d le  m o le c u le s  th a t  have up to  
and in c lu d in g  t h i r t y - f i v e  atom s or  e ig h t y  b a s i s  f u n c t io n s ,  w h ich ever  
i s  s m a lle r .
The in p u t d a ta  fo r  th e  program in c lu d e s  a comment ca rd , a 
s p e c i f i c a t i o n  o f  w h eth er  th e  c a l c u la t io n  i s  to  be CNDO o r  INDO, 
w h eth er i t  i s  to  be an open s h e l l  o r  c lo s e d  s h e l l  c a l c u la t io n ,  th e  
number o f  atom s, th e  ch arge on th e  m o le c u le , and th e  s p in  m u l t i p l i c i t y  
o f  th e  m o le c u le . Then, th e  C a r te s ia n  c o o r d in a te s  o f  each  atom in  
th e  m o le c u le  a lo n g  w ith  each  a to m 's a to m ic  number a r e  in c lu d e d .
T hese C a r te s ia n  c o o r d in a te s  a r e  n o rm a lly  c a lc u la t e d  fo r  m o le c u le s  o f  
more than  fo u r  atom s by means o f  a su pp lem en tary  program c a l le d  
COORDANG. T h is program, c a l l e d  COORD in  th e  o r i g in a l  v e r s io n ,  was 
w r it t e n  by Dewar a t  th e  U n iv e r s i ty  o f  T ex a s , A u s t in , and r e v is e d  by  
B a ird  a t  th e  U n iv e r s i ty  o f  W estern  O n ta r io , London, O n ta r io , Canada.
I t  c a l c u la t e s  a l l  C a r te s ia n  c o o r d in a te s  o f  a l l  atoms fo r  w hich  bond 
le n g th s  and bond a n g le s  a r e  g iv e n . COORDANG, w hich th e  program  
became when i t  was m o d ifie d  by R obert Duke, punches in p u t decks fo r  
th e  CNDO/2 and CNDO/S program s. I t  a l s o  a llo w s  s y s te m a t ic  
v a r ia t io n  o f  up to  s i x  bond le n g th s  a n d /o r  a n g le s  i n  th e  m o le c u le .
The CNDO/2 program i t s e l f  i s  s tr u c tu r e d  as a MAIN program  
witJi many s u b r o u t in e s .  MAIN reads in  th e  d a ta  and s e r v e s , as a
c a l l i n g  program for  the various subroutines  which a c t u a l ly  perform 
the c a lc u la t io n s .
The f i r s t  subroutines  c a l l e d  are COEFFT and INTGRL.
COEFFT a s s ig n s  c o e f f i c i e n t s  used in  the c a lc u la t io n  o f  the m olecular  
i n t e g r a l s .  INTGRL then computes the overlap  in t e g r a l s  and the 
e le c tr o n  r e p u ls io n  in t e g r a l s .  These in t e g r a l s  are c a lc u la te d  for  
each p a ir  o f  atoms through the use o f  a lo c a l  d iatom ic  coord inate  
system . Subroutine HARMIR then con verts  th e se  in t e g r a l s  to  the  
m olecu lar  coord in ate  system .
Once th e s e  in t e g r a l s  are  computed, th e  su b rou tin es  which 
do th e  a c tu a l  m olecu lar  o r b i t a l  c a lc u la t io n s  are c a l l e d .  For open 
s h e l l  m o le cu le s ,  th e s e  su b rou tin es  are HUCKOP, SCFOPN, and OPRINT; 
fo r  c lo se d  s h e l l  m olecu les  the corresponding ro u t in es  are HUCKCL, 
SCFCLO, and CPRINT. HUCKCL i s  charged w ith  making an i n i t i a l  e s t i ­
mate o f  the  c o e f f i c i e n t s  v ia  an extended Hiickel type treatm ent. The
Fock m atrix i s  approximated by ig n o r in g  e le c tr o n  r ep u ls io n  in t e g r a l s
/  °  ° \in  such a manner th a t  the d iagon al elem ents become (,(3a+|3tJ S .  . / 2 .A JJ 1 J
The m atrix i s  d ia g o n a liz ed  and an i n i t i a l  s e t  o f  c o e f f i c i e n t s  i s  
generated  which a l lo w s  computation o f  an i n i t i a l  d e n s ity  m atrix .
Subroutine SCFCLO does the a c tu a l  H artree-Fock s e l f -  
c o n s i s t e n t  f i e l d  c a lc u la t io n .  I t  takes as input the i n i t i a l  d e n s i ty  
m atrix  and th e  core Hamiltonian th a t  i s  computed by HUCKCL and forms 
a new Fock m atrix  by adding the e le c tr o n  r e p u ls io n  terms. The 
m atrix  i s  then d ia g o n a l iz e d ,  and a new s e t  o f  c o e f f i c i e n t s  and 
corresponding d e n s i ty  m atrix are ob ta in ed . The new d e n s i ty  m atrix
i s  used to  compute a new Fock m atr ix , and the process  i s  repeated  
u n t i l  the e l e c t r o n ic  energy converges to  w ith in  10 6 o f  an atomic  
u n i t .  An upper l im i t  o f  tw e n ty - f iv e  i t e r a t i o n s  i s  a llow ed .
Once convergence i s  a t t a in e d ,  subroutine  CPRINT handles  
some f i n a l  c a lc u la t io n s  and then p r in t s  ev ery th in g . The f in a l  
c a lc u la t io n s  in c lu d e  d ip o le  moments, atom charge d e n s i t i e s ,  and core  
r ep u ls io n  energy. D ipo le  moments are c a lc u la te d  by use  o f  the  f i n a l  
e le c tr o n  d i s t r ib u t io n  th a t  i s  g iv e n  by th e  occupied m olecular  
o r b i t a l s  and th e  core charge d i s t r i b u t i o n  to  f in d  th e  n e t  charge  
sep a ra t io n .  In  a d d it io n ,  c o r r e c t io n s  to  the  d ip o le  moment are made 
th a t  compensate fo r  the d i r e c t io n a l  c h a r a c t e r i s t i c s  o f  the o r b i t a l s  
th a t  are occu pied . Atom charge d e n s i t i e s  are found by summing a l l  
o f  th e  o r b i t a l  charge d e n s i t i e s  on each atom (g iv e n  by an<^
the core r e p u ls io n  term i s  found by e v a lu a t in g  the Coulomb i n t e r ­
a c t io n  fo r  each p a ir  o f  cores  (n u c le i  p lu s  i n n e r - s h e l l  e le c tr o n s )  
in  the m o lecu le .  In the ca se  o f  an open s h e l l  c a lc u la t io n ,  the  
corresponding subroutines  handle th e  same ch ores .
The f i n a l  output for  a m olecu le  depends on an o p t io n  which 
the user  chooses i f  he does not want the u su a l output. In o ther  
words, th ere  i s  an op tion  b u i l t  in t o  the program to d e le t e  parts o f  
the c a lc u la te d  r e s u l t s .  I f  the d e f a u l t  i s  chosen (o p t io n  not  
s p e c i f i e d ) ,  then the output in form ation  w i l l  c o n s i s t  o f  the fo l lo w in g  
item s fo r  a c lo se d  s h e l l  m olecule:
( l )  A l i s t i n g  o f  the in p u t in form ation , in c lu d in g  the  
comment card, the type o f  c a lc u la t io n ,  and the coord in ates  o f  a l l  
the atom s.
(,'’) A ta b u la t io n  o f  the overlap  m atrix S. . Cor each
i j
p a ir  o f  o r b i t a l s  in  the m olecu le .
(9 ) A l i s t i n g  o f  th e  e l e c t r o n ic  energy c a lc u la te d  by 
each i t e r a t i o n  u n t i l  convergence i s  a t ta in e d .
(4) A ta b u la t io n  o f  the m olecular o r b i t a l  e igen va lu es  
( e n e r g ie s )  and e ig e n v e c to r s  (wave fu n c t io n s )  th a t  are c a lc u la te d  
in  the f i n a l  i t e r a t i o n .
( 5 ) A ta b u la t io n  o f  the d e n s i ty  m atrix P „  for  each pair
o f  o r b i t a l s  in  the m o lecu le .  R e ca l l  that P . .  e f f e c t i v e l y  g iv e s  th e
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occu pation  o f  o r b i t a l  j and P ^  e f f e c t i v e l y  g iv e s  a measure o f  
bonding between o r b i t a l  i  and o r b i t a l  j .
(6 )  The t o t a l  energy o f  the m olecu le , which i s  the  
e l e c t r o n ic  energy to  which th e  core rep u ls io n s  have been added.
(7 ) The b inding  energy o f  the m olecu le , which i s  the  
t o t a l  energy r e l a t i v e  to  the atoms which make up the m olecule  i n ­
f i n i t e l y  sep a ra ted . Thus th e  binding energy i s  a measure o f  the  
s t a b i l i t y  o f  the m olecu le .
(8 )  The charge o f  each atom, which i s  obtained by summing 
the c o n tr ib u t io n s  to  the d e n s i ty  m atrix by each o r b i t a l  on the atom.
( 9 ) The d ip o le  moment o f  the m olecu le , which i s  broken 
down in t o  x ,  y, and z components. The c o r r e c t io n  terms, which take  
in t o  account o r b i t a l  ty p e s ,  are  a l s o  g iv en .
The CNDO/S Program
The CNDO/S program was w r i t te n  to  carry  out c a lc u la t io n s  
by means o f  the CNDO method th a t  was parameterized by J a f f e  and
Del Bone.2 '" The program c a r r ie s  out computation o f  m olecular  
o r lu t n l s  by the .same procedures that the CNDO/ : 1 program u se s ,  
ex ce p t ,  o f  cou rse , i t  uses  the CNDO/S param eterization; and, in  
a d d it io n ,  i t  computes e l e c t r o n ic  t r a n s i t i o n  en e rg ie s  and o s c i l l a t o r  
s tr e n g th s .  CNDO/S does c o n f ig u ra t io n  in t e r a c t io n  w ith  the low est  
energy s i n g l y - e x c i t e d  c o n f ig u ra t io n s ;  the number o f  c o n f ig u ra t io n s  
th a t  are  used i s  determined by the input data .
The CNDO/S program can do th ese  c a lc u la t io n s  on m olecu les  
co n ta in in g  n itr o g e n ,  carbon, hydrogen, f lu o r in e ,  c h lo r in e ,  boron, 
and oxygen atoms. The b a s is  s e t  i s  the same as that used in  the  
CNDO/2 procedure for  th ese  atoms, and CNDO/S can handle m olecu les  
o f  up to and in c lu d in g  th ir t y -o n e  atoms or one hundred b a s is  s e t  
members, w hichever i s  sm a ller .  The maximum number o f  c o n f ig u ra t io n  
in t e r a c t io n  s t a t e s  which can be inc lu ded  in  the c o n f ig u ra t io n  
in t e r a c t io n  scheme i s  e ig h ty .
The input to  the program c o n s i s t s  o f  th ree  comment cards,  
then a card co n ta in in g  th e  number o f  b a s is  members, the number o f  
occupied o r b i t a l s ,  the number o f  atoms, whether or not c o n f ig u ra t io n  
in t e r a c t io n  i s  d e s ir e d ,  and the number o f  Cl s t a t e s  d e s ire d .
The program i t s e l f  i s  s tru c tu red  in  much the same way as 
the CNDO/2 program. MAIN serv es  s t r i c t l y  as a c a l l i n g  program to  
the various su b ro u t in es .  Subroutine INPUT i s  c a l l e d  f i r s t  to  read 
in  the data and to  s e t  up some o f  the parameters needed fo r  the  
c a lc u la t io n .  REPLSN then c a lc u la t e s  the e le c tr o n  r ep u ls io n  in t e g r a l s  
by the Mataga method th a t  was p r e v io u s ly  d e f in ed .  BET1 i s  now c a l le d
22 . Del Bene, J . ,  and J a f f e ,  H. H ., J . Chem. Phvs. .  Jj-8 , 180/ ( 1968 ) .
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to  c a lc u la t e  a l l  o f  the overlap  i n t e g r a l s .  BETS does the a c tu a l  
s e l f - c o n s i s t e n t  f i e l d  c a lc u la t io n s  and checks each o r b i t a l  energy  
a I."ter each i t e r a t i o n  to  s ee  i f  the convergence c r i t e r i a  have been 
a t t a in e d .  When they have, the symmetry subroutine  CISYM i s  c a l le d  
i f  i t  has been s p e c i f i e d  on the symmetry card th a t  symmetry i s  to  
be used . This subroutine  determine the symmetry o f  each m olecular  
o r b i t a l  th a t  has been c a lc u la te d .  Subroutine OUTPUT then p r in ts  
out a l l  o f  th e  c a lc u la t io n s  th a t  have a lread y  been done, and sub­
ro u t in e  ENERGY then c a lc u la t e s  the  t o t a l  energy o f  the m olecu le .
Subroutine EXCITE c a lc u la t e s  the s i n g l e t  and t r i p l e t  e x c i t a t io n  
en e rg ie s  for  the number o f  t r a n s i t io n s  s p e c i f i e d  by the number o f  
Cl s t a t e s  requested; or ,  i f  none were req u ested , the ten  low est  
energy t r a n s i t io n s  are c a lc u la te d .  This same subroutine  then a l s o  
c a lc u la t e s  o s c i l l a t o r  s tr e n g th s .  Subroutines READY, CIMAT, and 
CIDIAG then do th e  c o n f ig u r a t io n  in t e r a c t io n  for  the s i n g l e t  s t a t e s ,  
fo llow ed  by CIOUT which p r in t s  the c a l c u la t io n s .  I f  t r i p l e t  con­
f ig u r a t io n  in t e r a c t io n  has been req u ested , then the same four sub­
ro u tin es  rep eat the process fo r  the t r i p l e t  s t a t e s .  I t  should be 
noted th a t  i f  symmetry i s  s p e c i f i e d ,  the Cl m atrix  i s  symmetry blocked,  
which shortens the c a lc u la t io n s .
The u su a l output fo r  the CNDO/S program c o n s i s t s  of:
(1) A l i s t i n g  o f  the input in form ation  w ith  some o f  the  
parameters used in  the c a lc u la t io n s .
( 2 ) A l i s t i n g  o f  some o f  the e ig en v a lu es  as each i t e r a t i o n  
i s  performed to  show how the convergence i s  proceeding and the number 
o f  i t e r a t i o n s  i t  took fo r  convergence.
{ } )  A l i s t i n g  o f  the symmetry input in form ation .
( ) |) A l i s t i n g  o f  the e le c tr o n  r ep u ls io n  and resonance
in t e g r a l s  for  each atom pair  and the e le c tr o n  and charge d e n s i t i e s  
fo r  each atom.
( 5 )  The o r b i t a l  energy and e ig en v ec to r  for  each o r b i t a l ,  
the bond order m atrix  fo r  each p a ir  o f  o r b i t a l s ,  the o r b i t a l  
resonance in t e g r a l s  for each p a ir  o f  o r b i t a l s ,  and the symmetry
o f  each o r b i t a l  i f  symmetry has been used.
( 6 ) The t o t a l  energy o f  the m olecu le .
( 7 )  The c a lc u la te d  t r a n s i t io n  en erg ie s  for  the number 
o f  t r a n s i t io n s  s p e c i f i e d  by the number o f  Cl s t a t e s  requested ; or ,  
no Cl i s  d e s ir e d ,  the ten  low est-en ergy  s i n g l e - e x c i t a t i o n  e n e r g ie s .  
This i s  done fo r  both s i n g l e t s  and t r i p l e t s ,  and the o s c i l l a t o r  
s tr en g th s  and symmetries are g iven; symmetries are g iv e n  on ly  i f  
symmetry i s  used.
(8 ) The c a lc u la te d  s i n g l e t  e n e r g ie s ,  o s c i l l a t o r  s tren g th  
and p o la r iz a t io n s  a f t e r  c o n f ig u ra t io n  in t e r a c t io n .
( 9 )  The c o n f ig u r a t io n  in t e r a c t io n  c o e f f i c i e n t s  fo r  the 
s i n g l e t  s t a t e s .
(10) The c a lc u la te d  t r i p l e t  en erg ies  a f t e r  c o n f ig u ra t io n  
in t e r a c t io n .
(11) The c o n f ig u ra t io n  in t e r a c t io n  c o e f f i c i e n t s  fo r  the 
t r i p l e t  s t a t e s .
CHAPTER I I I  - RESULTS AND DISCUSSION
General Trends in  C a lc u la t io n  R esu lts
A c o n s id e ra t io n  o f  the r e s u l t s  o f  the c a lc u la t io n s  for  13- 
d ik eton es  w i l l  beg in  w ith  a c o n s id e ra t io n  o f  some gen era l r e s u l t s  
which have been obtained by previous in v e s t ig a t o r s .  This in form ation ,  
combined w ith  trends observed in  t h i s  work, w i l l  be used to  t r y  to  
determ ine how good a p a r t ic u la r  c a lc u la t io n  i s .  One th in g  which 
should be kept in  mind i s  th a t  a l l  o f  th ese  c a lc u la t io n s  are done on 
a s i n g le  i s o l a t e d  m olecule; fo r  t h i s  reason the p r e d ic t io n s  would be 
b e s t  c o r r e la te d  w ith  low p ressure  gas phase experim ental d a ta . Most 
o f  the data fo r  th ese  m olecu les  i s  s o lu t io n  data , and o f t e n  the s o l ­
vent i s  polar; th er e fo re  p e r fe c t  c o r r e la t io n  cannot be expected  
between experim ental data and the c a lc u la t io n s ,  even i f  the c a l c u la ­
t io n s  were p e r f e c t .  However, i f  some gen era l trends are e s t a b l i s h e d  
by comparing experim ental and t h e o r e t i c a l  r e s u l t s  for  m olecu les  o f  
known s tr u c tu r e ,  the u s e fu ln e s s  o f  th e  p r e d ic t io n s  might in c r e a s e .
The CNDO/2 Methods and Program
Previous work done by means o f  CNDO/2 has in d ic a te d  th a t  
p red ic ted  io n iz a t io n  p o t e n t ia l s  are about four e le c tr o n  v o l t s  too  
high when they are compared w ith  experim ental d a ta .2 3 ’2 4 ’25 A l l  o f
2 ) .  Worley, S. D . , Chemical Review. 7 1 . 295 ( 19T1 ) .
2̂ 1. D av ies , D. W., Chem. Phys. L e t te r s ,  2 , 173 ( 1968 ) .
25- B loor, J. E . ,  and Breen, D. L . ,  J. Phvs. Chem. .  7 2 ,  J l 6  ( 1968 ) .
k o
th e  m olecu les  s tu d ied  in  th ese  papers were r e l a t i v e l y  la r g e  aromatic  
or heteroatom  m o lecu les .  One o f  th ese  r e fer en ce s  (2 5 ) poin ted  out  
th a t  when sm all hydrocarbons were s tu d ie d ,  the  p red ic ted  io n i z a t io n  
p o t e n t ia l s  were q u ite  c lo s e  to  the experim ental v a lu e s .  D iscrep an c ies  
between p red ic ted  and experim ental io n i z a t io n  p o t e n t ia l s  arc u s u a l ly  
blamed a t  l e a s t  p a r t ly  on a f a i l u r e  o f  Koopmans' theorem.''6 
Koopmans1 theorem depends on the approximation th a t  th ere  i s  no 
change in  e i t h e r  the m olecular  o r b i t a l s  or c o r r e la t io n  e n e rg ie s  upon 
i o n i z a t io n ,  which c e r t a in ly  i s  not v a l id  in  a l l  in s ta n c e s .  In the  
case  o f  the p -d ik eton es  s tu d ied  in  t h i s  and r e la te d  work, a th ree  
e le c tr o n  v o l t  c o r r e c t io n  seemed to produce a b e t t e r  f i t  o f  the  
p r e d ic t io n s  to  the experim ental d a t a .27
As far  as p r e d ic t in g  ground s t a t e  e n e r g ie s ,  eq u il ib r iu m  
bond le n g th s ,  and eq u il ib r iu m  bond a n g le s ,  CNDO/2 seems to g iv e  
reasonab le  r e s u l t s  u n le s s  s i g n i f i c a n t  non-bonded in t e r a c t io n s  are  
in v o lv ed .  This breakdown o f  v a l id  p r e d ic t io n s  o f  ground s t a t e  
e n e rg ie s  for  m olecu les  which con ta in  non-bonded in t e r a c t io n s  has been 
poin ted  out in  the case  o f  b ip henyl by o th er  i n v e s t i g a t o r s . 28 In 
g e n e r a l ,  CNDO/2 seems to  underestim ate  r e p u ls iv e  non-bonded i n t e r ­
a c t io n s .  C a lcu la t io n s  done in  t h i s  laboratory  o f  the p o t e n t ia l  
fu n c t io n  o f  b iphenyl as a fu n c t io n  o f  in tera n n u la r  ang le  confirm th at  
u n r e a l i s t i c  p o t e n t ia l  fu n c t io n s  are generated  in  ca ses  o f  t h i s  k ind.
26 . Worley, S. D .,  op. c i t .
27* Houk, K. N . , e t _ a l . ,  op. c i t .
28 . M om icchioli, F . ,  Bruni, M. C., and B a ra ld i ,  I . ,  J . Phys. Chem. , 
1 6 , 3983 (1972) .
I t  was noted th a t  whenever two atoms which were form ally  non-bonded 
approached each o th er  too c l o s e l y  th e  program attem pts to  form a 
bond between them and unreasonable r e s u l t s  are  o b ta in ed . This 
unreasonable  bond may be the r e s u l t  o f  th e  n e g le c t  o f  m u lt ic en te r  
e le c t r o n  rep u ls io n  i n t e g r a l s .
The CNDO/S Method and Program
S in ce  CNDO/S was param eterized to  g iv e  th e  b e s t  f i t  for  
t r a n s i t i o n  e n e r g ie s ,  i t  would be too much to  exp ect i t  to  g iv e  o th er  
q u a n t i t i e s  th a t  are in  good agreement w ith  experim ent. For th is  
reason , the  gen era l procedure i n  g en era tin g  p o t e n t ia l  curves i s  to  
u se  CNDO/2 fo r  th e  ground s t a t e  energy and then to  use  CNDO/S to  
o b ta in  the t r a n s i t i o n  en e rg ie s  to  generate  the e x c i t e d  s t a t e  
p o t e n t ia l  cu rves .
However, i t  was found in  t h is  work th a t  in  the case  o f  
3 -d ik e to n e  system s, the CNDO/S o r b i t a l  en erg ie s  agreed f a i r l y  w e l l  
w ith  experim ental i o n i z a t io n  p o t e n t ia l s  w ith ou t the th ree  eV 
c o r r e c t io n s  used in  the case  o f  CNDO/2. 29  A comment by J a f f e  and 
Del Bene30  showed th a t  CNDO/S d id  a b e t t e r  job o f  p r e d ic t in g  
i o n i z a t io n  p o t e n t ia l s  than did e a r l i e r  c a lc u la t io n s  u s in g  CNDO/2.
In g e n e ra l ,  eq u il ib r iu m  bond len g th s  and an g les  p red ic ted  by CNDO/S 
are  not as good as th o se  p red ic ted  by CNDO/2.
T h ir ty  Cl s t a t e s  were inc lu ded  fo r  most o f  the c a lc u la t io n s .  
I t  was found th a t  the s t a t e  en e rg ie s  changed n e g l i g i b l y  when more
29* Houk, K. N . , e t  a l . , op. c i t .
30 .  Del Bene, J . ,  and J a f f e ,  H. H ., J . Chem. Phvs. ,  50, 563 (1969)*
Cl s t a t e s  were in c lu d ed , so i n  the i n t e r e s t  o f  sav ing  computer time  
the number o f  CX s t a t e s  normally included  was l im ite d  to  t h i r t y .
I t  might be added th a t  the computer time for  the c a lc u la t io n s  i n ­
c re a se s  alm ost e x p o n e n t ia l ly  w ith  the number o f  Cl s t a t e s  in c lu d ed .
S in ce  CNDO/S was parameterized to  f i t  the t r a n s i t io n  
e n e rg ie s  o f  the compounds o r i g i n a l l y  s tu d ied  i t  would be expected  
th a t  in  th e  case  o f  th ese  compounds the p r e d ic t io n s  would f i t  the  
experim ental data q u ite  w e l l .  This agreement i s  found . 3 1 ’ 3 2 ’ 3 3 ’34 
However, i t  must be kept in  mind th a t  th e  o r ig in a l  p aram eteriza tion  
was done to  f i t  the compounds in c lu d ed  in  the o r ig in a l  study , which 
were benzene and n itr o g e n -c o n ta in in g  i s o e l e c t r o n i c  a n a lo g s . 35 In a 
l a t e r  paper36  p r o p er t ie s  o f  some five-membered n itro g e n -  and oxygen- 
co n ta in in g  r in gs  were c a lc u la te d ,  and the f i t  was s t i l l  good, both 
fo r  n-*TT t r a n s i t i o n  e n e rg ie s  and TMT t r a n s i t io n  e n e r g ie s .  However, 
i t  should be noted  th a t  in  the case  o f  fu r fu r a l ,  an oxygen -con ta in in g  
compound, the p red ic ted  n-*7T t r a n s i t i o n  energy was too low and the  
low est  TT—»TT t r a n s i t io n  energy was too h ig h . This seems to be a 
g en era l trend for  carb o n y l-co n ta in in g  compounds. Further work37
31. Del Bene, J . ,  and J a f f e ,  H. H ., J . Chem. Phvs. .  38 , 1807 ( 1968 ) .
3 2 .  Del Bene, J . ,  and J a f f e ,  H. H ., J . Chem. Phvs. .  3 8 , 3050 ( 1968 ) .
33 . Del Bene, J . ,  and J a f f e ,  H. H . , J . Chem. Phvs. ,  3 9 . 1221 ( 1968 ) .
33. E l l i s ,  R. L .,  Kuehnlenz, G ., and J a f f e ,  H. H . , T h eoret.  Chim. 
A cta , 26 , 131 (1 9 7 2 ) .
35* Del Bene, J . , and J a f f e ,  H. H . , J . Chem. Phvs. .  3 8 , 1807 ( 1968 ) .
3 6 . Del Bene, J . , and J a f f e ,  H. H ., J . Chem. Phvs. .  3 8 , 3-050 ( 1968 ) .
37- Del Bene, J . , and J a f f e ,  H. H ., J . Chem. Phvs. .  3_£), 1221 ( 1968 ) .
confirmed the trend th a t  p red ic ted  n-4 f t r a n s i t io n  en e rg ie s  for  
oxygen-conta in ing  compounds were too low. A la t e r  paper30  did  
some rep aram eter iza tion  and r e c a lc u la t io n  o f  e le c tr o n  rep u ls io n  
in t e g r a l s  to  put CNDO/S in  the form used in  t h i s  work. This repara­
m e te r iz a t io n  was done c h i e f l y  to  improve the XL s t a t e  energy o f
cl
benzene and r e la t e d  compounds.
C a lcu la t io n s  which have been done on monocarbonyls such 
as acetone and formaldehyde confirm th a t  p red ic ted  n-*TT t r a n s i t i o n  
en e rg ie s  are q u ite  low. In the case  o f  both o f  th e se  compounds the  
observed n-*TT t r a n s i t io n  energy i s  about 37 000 cm 1 . The CNDO/S 
program p r e d ic ts  the t r a n s i t i o n  about 2k  500  cm 1 fo r  formaldehyde 
and about 26  000 cm 1 for  a ceto n e . Thus i t  seems a c o r r e c t io n  o f  
about 11 500 cm 1 i s  app rop ria te  fo r  n-»TT t r a n s i t io n s  o f  carbonyl-  
co n ta in in g  compounds. I t  i s  a l s o  noted th a t  in  the case  o f  th ese  
compounds th e  low est energy Tf-*TT t r a n s i t i o n  i s  p red ic ted  a t  a con­
s id e r a b ly  h igh er  energy than i t  should be . The low est  7T—»TT t r a n s i t io n  
o f  formaldehyde i s  probably around 60  000  cm 1 ; i t  i s  p red ic ted  a t  
86  000 cm 1 . I t  should be noted th a t  th e  p red ic ted  t r a n s i t i o n  fo r  
e th y le n e  (51  600  cm 1 ) i s  much c lo s e r  to  th e  experim ental va lue  
(60  500 cm 1 ) than i s  the case  for  th ese  carbonyl TT—*TT e n e r g ie s .  Thus 
fo r  p -d ik eton es  i t  can be expected th a t  n-»TT t r a n s i t io n s  w i l l  be 
p red ic ted  a t  co n s id era b ly  lower en erg ies  than experim ental v a lu e s ,  
and the low est energy TT—»TT en erg ie s  may be p red ic ted  a t  h igh er  en erg ies
3 8 . E l l i s ,  R. L . , Kuehnlenz, G ., and J a f f e ,  H. H ., T heoret. Chim. 
A cta . 26 , 131 (1 9 7 2 ) .
than the experim ental v a lu e s .  I t  should be noted , however, th a t  
the TNT t r a n s i t i o n s  in  g -d ik e ton e  io n s  and e n o la te  forms in v o lv e  not  
only the carbonyls  but a l s o  the carbon s k e le t o n s ,  so th at the  
p r e d ic t io n s  may not be as bad as the p r e d ic t io n s  fo r  th ose  o f  an 
i s o l a t e d  carbonyl group.
Some fu r th er  trends are noted fo r  the p red ic ted  t r i p l e t  
e n e r g ie s .  The t r i p l e t  from an n~*lT s t a t e  i s  always p red ic ted  to  be 
extrem ely c lo s e  to  i t s  corresponding s i n g l e t ;  sometimes i t  does not  
d i f f e r  a t  a l l  to  seven s i g n i f i c a n t  f ig u r e s .  While i t  i s  a known 
experim ental f a c t  th a t  n-*Tf s i n g l e t - t r i p l e t  s p l i t s  are sm aller  than 
THT s i n g l e t - t r i p l e t  s p l i t s ,  th e  p red ic ted  s p l i t s  fo r  the n-*TT s t a t e s  
are u s u a l ly  too sm a ll .  On the o th er  hand, the p red ic ted  Tt—*TT s i n g l e t  
t r i p l e t  s p l i t s  are more accu rate;  they are  sometimes as g rea t  as 
kO 000 cm 1 or more. The r e s u l t s  fo r  benzene, fo r  example, agree  
q u ite  w e l l  w ith  the experim ental v a lu e s . 39
With th e se  trends and cau tion s  in  mind, the c a lc u la t io n s  
on (3-diketones w i l l  now be s ta te d  and d is c u s se d .
S tru ctu res  and Geometries
The gen era l o b j e c t iv e s  o f  th e se  c a lc u la t io n s  have a lread y  
been s t a t e d  in  the in tr o d u c t io n  to  Part I .  The p r in c ip a l  o b j e c t iv e  
was to  ob ta in  reason ab le  models for the s tr u c tu r e s  o f  g -d ik e to n es;  
e s p e c i a l l y  i n t e r e s t i n g  are g -d ik e to n es  fo r  which t h e o r e t i c a l  
e l e c t r o n ic  t r a n s i t io n s  and m olecular  o r b i t a l  en erg ie s  can be used to
39- Del Bene, J . ,  and J a f f e ,  H. H ., J .  Chem. Phvs. .  k8 , l8 0 f  ( 1968 )
e x p la in  the experim en ta l r e s u lt s  g iven  by Cheng'1-0 and Houk. 41 B efore  
e i t h e r  prev iou s c a lc u la t io n s  which have been done on th ese  system s 
or the r e s u lt s  in  th is  work are con sid ered , the s tr u c tu r es  and th e ir  
corresponding geom etries fo r  which c a lc u la t io n s  were performed must 
be d is c u s se d , and some nom enclature must be e s ta b lis h e d .
The compounds fo r  which c a lc u la t io n s  were made in  th is  
study in c lu d e  a c e ty la c e to n e , propan ed ia l, and crm eth y la cety la ce to n e . 
Figure 1 shows th e b a s ic  s tr u c tu r e s  o f  th ese  compounds and the  
system s fo r  numbering the atom s. In  the ca se  o f  the en o l form o f  
each o f  th e se  g -d ik e to n e s , hydrogen number n in e  i s  the hydroxyl 
hydrogen, and i t  i s  th is  hydrogen th a t i s  io n iz e d  to  form the an ion .
F igure 2 p resen ts  the nom enclature fo r  the d if f e r e n t  planar  
geom etries o f  th e  carbon sk e le to n  o f  th e  compounds th a t have been
s tu d ie d . Angle 0 i s  th e  c e n tr a l an g le  a t  the number th ree  carbon.
The S form can be made from the U form by a r o ta t io n  o f  180 degrees
around one o f  th e C - C bonds (e ith e r  C2 _C3 or C3 ~C5 ) .  The W form
Oi p
can be crea ted  from the U form by sim ultaneous 180 degree r o ta tio n s
about both o f  the C - C bonds (C2 -C3 and C3 -C5 ) .  In a d d it io n , the
o! p
W form can be produced from the U form by in v e r t in g  the c e n tr a l  
carbon (number 3 ) through th e  cen ter  o f  the m olecu le; th a t i s ,  th e W 
form can be produced by f l ip p in g  the m olecu le in s id e  o u t. There are  
a ls o  tw is te d  conform ations o f  th ese  m olecu les which can be made by 
r o ta t io n  around the C3 -C5 bond o f  0 <  0 <  180, in  which 0 i s  the d i ­
h ed ra l an g le  between the carbonyl being ro ta ted  (atoms 5 and 6 ) and the
kO. Cheng, L. T ., op. c i t .
J |l. Houk, K. N ., e t  a l . , op. c i t .
A cetv la ce to n e Propanedlal
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Figure 2 . The th ree  planar forms o f  0 -d ik e to n e s . A ngle 0 i s  the  
c e n tr a l an g le ; X, Y, and Z are ap p rop ria te  s u b s t it u e n ts .
p l ane d e fin ed  by Ox - Cx> - C3 . The C3 - C3 bond was always the one 
about which r o ta t io n s  were made. I d e n t ic a l  r e s u lt s  would be ob­
ta in ed  by r o ta t io n  about th e  C2  - C3 bond and keep ing th e  C3 - C5 
bond f ix e d . Conformations which w i l l  be c a l le d  sp3 conform ations  
o f  the anion can be ob ta in ed  by making s e v e r a l changes s im u lta n eo u sly
to  th e U form o f  the a n ion , which i s  com p lete ly  planar excep t fo r
th e  m ethyl hydrogens. These changes fo llo w .
(1 ) Both carb onyls are tw is te d  away from each o th er  
s im u lta n eo u sly .
(2 ) The hydrogen a tta ch ed  to  C3  i s  moved out o f  both  
o f  the p lan es d e fin ed  by Oj. - C2  - C3 and 0 6 - C3 - C3 .
(3 ) The c e n tr a l a n g le  0 i s  d ecreased  from i t s  u su a l va lu e
to  a va lu e  which more c lo s e ly  approaches th e  id e a l  sp3 a n g le  o f  
109A 712  d eg rees .
As the name sp3 im p lie s , th ese  changes were made to  s im u la te  reh y­
b r id iz a t io n  o f  th e  number th ree  carbon to  sp3 from sp2 in  order to  
determ ine i f  th ere  i s  any th e o r e t ic a l  j u s t i f i c a t i o n  to  Cheng's 
h y p o th es is  th a t th is  tran sform ation  a llo w s  th e  two d if f e r e n t  forms 
o f  th e n e g a tiv e  io n  to  be p r e se n t . The a c tu a l changes th a t were 
made are shown in  F igure 3* th is  f ig u r e , one o f  th e  p r o je c tio n s
i s  from th e end o f  the m olecu le  in  order to  show th a t th e  carbonyls  
are being ro ta ted  away from each o th er  and th a t the hydrogen  
attach ed  to  C3 i s  being  moved out o f  th e  Oj. - C2  - C3 and 0 e - C5 - 
C3 p la n es . The s id e  view  shows th e d ecrea se  in  the c e n tr a l an g le  
0. A ll  o f  th e  in term ed ia te  forms are  shown a ls o .
The bond len g th s  and a n g le s  o r ig in a l ly  used in  the  
c a lc u la t io n s  on the anion were approxim ately  th o se  o f  f e r r ic
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Figure J . S tru ctu res  o f  sp3 conform ations o f  th e a n ion . Both end
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rep resen t the s e t  o f co o rd in a tes  which are  changed to  make 
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Figure 4 . Bond len g th s  in  A and a n g les  in  d egrees th a t were used in  
the o r ig in a l  c a lc u la t io n s  on a c e ty la c e to n e  an ion . M ethyl 
group an g les  are te tr a h e d r a l.
.ic e ty la c e to n a te  th a t wore ob ta in ed  from X -ray d i f f r a c t io n  data by 
R o o f.4^ F igure U shows th ese  bond len g th s and a n g le s . The C-H 
d is ta n c e s  shown in  F igure )|- were obta ined  from standard bond len g th s  
th a t were c a lc u la te d  by th e CNDO/2 program . 43  Except when v a r ia t io n s  
in  the c e n tr a l an g le  0 were made to  fin d  th e  va lu e  o f  0 th a t gave 
th e  minimum energy and when v a r ia t io n s  in  th e  d ih ed ra l a n g le  0  were 
made to  c a lc u la te  p o te n t ia l  curves fo r  r o ta t io n s  about the C3 - C5 
bond, th ese  bond len g th s  and a n g les  were used fo r  a l l  forms o f  the  
anion fo r  which c a lc u la t io n s  were made.
The bond len g th s  and bond a n g les  o f  th e d ik eton e  forms o f  
th ese  0 -d ik e to n es  were obtained  from standard bond len g th s  and bond 
an g les  th a t were c a lc u la te d  by th e CNDO/2 program . 44  F igure 5 shows 
th ese  bond len g th s  and a n g le s . J u st as in  the ca se  o f  th e  an ion , 0 
o f  each d ik eton e  form was v a r ied  to  o b ta in  th e  lo w est energy . This 
m in im ization  was performed and the c a lc u la t io n s  were made on th e U,
S, W and 90° tw is te d  forms o f  th e d ik e to n e .
The en o l forms o f  a c e ty la c e to n e  and th e o th er  g -d ik e to n es  
fo r  which c a lc u la t io n s  were made presen ted  a more d i f f i c u l t  ta sk  
because th ree  v a r ia b le s  were con sid ered  to be in v o lv ed  co n s id era b ly  
in  a m in im ization  to  fin d  the lo w est energy, and th ese  th ree  
v a r ia b le s  are  c lo s e ly  in t e r r e la t e d .  These v a r ia b le s  were the c e n tr a l  
a n g le  0, the COH bond an g le  cu, and the OH bond d is ta n c e  R. The 
m olecu le  i t s e l f  undoubtedly has a most probable conform ation  th a t has
i|2 . R oof, R. B ., Acta C rv st. .  %  781  ( 1956 ) .
h-J). P op le , J . A. and B everidge, D. L ., lo c .  c i t . .  p 111.








Bond len gth s and a n g les  o f  the k eto  form o f  a c e ty la c e to n e . 
A ll  m ethyl group a n g les  are te tr a h e d r a l.
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Figure 7- Non-hydrogen-bonded U form o f  the a c e ty la c e to n e  en ol 
form. A ll  m ethyl group a n g les  are  te tr a h e d r a l.
;i geom etry i a te  rmediate between th ose  o f the two lim it in g  conform a­
tio n s  on which c a le u In tio n s  were performed in  th is  work. These 
l im it in g  forms are d escr ib ed  below .
(1 ) One conform ation has a com p lete ly  sym m etrical carbon- 
oxygen sk e le to n  in  which th e bond len g th s  and a n g les  were taken to  
be th e same as th o se  o f  the an ion .
(2 ) The o th er  l im it in g  conform ation has a co m p lete ly  
unsym m etrical carbon-oxygen s k e le to n  in  which th ere  i s  one form al 
carbon-carbon double bond, one form al carbon-carbon s in g le  bond, 
one form al carbon-oxygen double bond, and one formal carbon-oxygen  
s in g le  bond. The bond len g th s fo r  th is  s tr u c tu r e  were taken from 
th e  l i s t  o f  standard bond len g th s  fo r  the CNDO/2 program . 45
Figure 6 shows th ese  bond len g th s and the q u a n t it ie s  
which were v a r ied  in  order to  m inim ize the energy. The s tr u c tu r e  
o f  th e sym m etrical en o l i s  id e n t ic a l  to  th a t shown in  F igure 6 , 
ex cep t th a t the bond len g th s  are th o se  o f  th e an ion . T his id ea  th a t  
the r e a l m olecu le  e x i s t s  in  a form somewhere between th e se  l im it in g  
ca ses  i s  supported by in fra r e d  data46  which lead s to  the c o n c lu s io n  
th a t th e carbon-oxygen sk e le to n  o f  th e m olecu le i s  not co m p lete ly  
sym m etrical but th a t i t  i s  c lo s e r  to  being sym m etrical than 
unsym m etrical. The IR data lead s to  a c a lc u la te d  d if fe r e n c e  between  
th e  two carbon-carbon bond len g th s in  the sk e le to n  o f  0 . 0*1-9 A. In 
both l im it in g  c a se s , a l l  th ree  o f  the s p e c if ie d  v a r ia b le s  were 
v a r ied  to  determ ine th e conform ation th a t has minimal energy.
h $ .  P op le , J . A ., and B everid ge, D. L . , lo c .  c i t . .  p 111.
U-6. Musso, H ., and Junge, H ., Chem. Ber. . 101, 801 ( 1968 ) .
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C a lcu la tio n s  were a ls o  performed on non-hydrogen-bonded  
en o l forms o f  the m olecu les th a t were s tu d ie d . F igure 7 shows the  
non-hydrogen-bonded U form o f  a c e ty la c e to n e  e n o l. In a d d it io n ,  
c a lc u la t io n s  on th e S and W non-hydrogen-bonded en o l forms were 
made. Only the unsym m etrical sk e le to n  forms o f  non-hydrogen-bonded  
system s were s tu d ie d , because the absence o f  th e  c h e la te  r in g  o f  
the hydrogen-bonded form su g g e sts  th a t th ere  i s  no reason  to  exp ect  
the sk e le to n  to  become more sym m etrical than th e unsym m etrical 
s tr u c tu r e  a lread y  d e fin ed .
The bond len g th s  and a n g les  o f  the o th er  two compounds 
th a t were s tu d ied , ^ -m eth y la ce ty la ce to n e  and p rop an ed ia l, were 
trea ted  in  e x a c t ly  the same way as th a t j u s t  d escr ib ed  fo r  a c e t y l ­
a ceto n e . The on ly  d if fe r e n c e  i s  th a t th e en o l forms o f  th e se  o th er  
compounds were not m inim ized w ith  r e sp e c t  to  0, < j u ,  and R because  
o f  the g rea t amount o f  work th a t would have been needed to  accom plish  
t h i s .  In stea d , th e m inimized v a lu es  fo r  a c e ty la c e to n e  were assumed 
to be the b e s t  va lu es fo r  th e se  o th er  compounds. In th e ca se  o f  
p ropan ed ial, a l l  o f  the C-H bonds were taken to  be 1.07 A. The C3 - 
^methyl k°nc* ° f  cy-m eth ylacety laceton e was taken to  be 1 .52 A.
A ll  m ethyl C-H d is ta n c e s  were taken to  be 1 .1 0  A .  Because o f  the  
s im ila r i t y  o f  th e 1.53 A Cp_ - Cmetk y i bond len g th  in  a c e ty la c e to n e  
anion and 1.52  A  fo r  th e standard sp2 - sp3 carbon-carbon bond,
1.52  A was in a d v e r te n tly  used for  th is  bond len g th  in  the q / -  
m eth y la ce ty la ce to n e  an ion . The r e s u lt s  should  be n e g l ig ib ly  
d if f e r e n t  from th o se  th a t  would have been o b ta in ed  w ith  a 1 .5 3  A 
v a lu e .
The dependence o f  the b in d ing energy o f  th e m olecu les on the  
magn.i tude ol: the c e n tr a l an gle  6 wi l l  now be d isc u sse d . The o r ig in a l
X-ray data fo r  f e r r ic  a c e ty la c e to n a te  gave a c e n tr a l a n g le  o f  133 
d eg rees , but th e r e la t iv e ly  la rg e  s i z e  o f  th e  f e r r ic  io n  in  th is  
compound su g g e sts  th a t t h is  va lu e  i s  too  la r g e  in  th e ca se  o f  the  
fr e e  an ion . C onsequently c a lc u la t io n s  were made fo r  d if f e r e n t  
conform ers in  which th e c e n tr a l a n g le  was v a r ied  w h ile  a l l  o f  the  
o th er  bond d is ta n c e s  and bond a n g les  were unchanged. F igure 8 shows 
the r e s u lt ;  i t  i s  a p lo t  o f  th e b in d ing energy o f  the U form o f  the  
anion o f  a c e ty la c e to n e  as a fu n ctio n  o f  0 . Table I  l i s t s  t h is  same 
data in  ta b u la r  form. The p lo t  g iv e s  a w e ll-d e f in e d  minimum near 
127 d egrees; con seq u en tly  127 degrees was th e  va lu e  o f  0 chosen  
fo r  a l l  fu rth er  c a lc u la t io n s  on th e a c e ty la c e to n e  an ion  U form. As 
exp ected , th e an g le  o f  minimal energy was somewhat l e s s  than the  
f e r r ic  a c e ty la c e to n a te 's  c e n tr a l a n g le .
P lo ts  o f  b in d in g  energy v s .  th e  c e n tr a l a n g le  0 were made 
fo r  a l l  o f  th e  o th er  forms o f  a c e ty la c e to n e  and th e o th er  compounds 
th a t were s tu d ied  and were found to  be q u a l i t a t iv e ly  s im ila r  to  
Figure 8 ; th er e fo re  on ly  the an g le  o f  minimal energy w i l l  be g iv en  
fo r  the o th er  forms and s p e c ie s  fo r  which c a lc u la t io n s  were made.
The r e s u lt s  are ta b u la ted  in  Table I I .
The S form o f  a c e ty la c e to n e  anion has a most s ta b le  
c e n tr a l a n g le  o f  125 d egrees; o b v io u sly  th e e lim in a tio n  o f  the  
oxygen-oxygen rep u ls io n s  o f  th e U form has a llow ed  th e c e n tr a l an g le  
to  d ecrease  toward th e id e a l  sp2  va lu e  o f 120 d eg rees . The W 
conform ation o f  th e an ion  shows a la r g er  eq u ilib r iu m  a n g le  o f  133
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TABLE I
Binding Energy o f  A c e ty la c e to n a te  Anion (u Form) 
as a Function  o f  th e C entral A ngle 6 (CNDO/2)
8 (d eg rees) B inding Energy (h a r tr e e s ) B inding Energy (eV 's)
117 - 6 .1 0 0 1 8 -1 6 5 .9 8 6
119 - 6 .1 0 1 5 8 - 1 6 6 . 02^
121 - 6 .1 0 2 6 3 - 1 6 6 .053
123 - 6 .1 0 3 3 5 - 166 .072
125 - 6 .1 0 3 7 5 - 166 .083
127 - 6 .1 0 3 8 5 - l 6 6 . 086
129 - 6 . 1036^ - 1 6 6 .0 8 0
131 - 6 .1 0 3 1 5 -166 .067
133 - 6 .1 0 2 3 7 - I 6 6 .OIJ.5
135 - 6 .1 0 1 3 0 - 1 6 6 .0 1 6
TABLR.I I
Minimum Energy V alues o f  6 fo r  A l l  Conform ations o f  
Anion and Keto Forms S tu d ied  (CNDO/2)
Form Minimum Energy 6 (d eg rees)
A cety la ce to n e a -M eth v la cetv la ceto n e
Anion U 127 122
Anion S 125 122*
Anion W 133 132
Keto U 115 115
Keto 90° 110 110
Keto S 115 115
Keto W 133 125
*
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- 6 . 102-
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0  (degrees)
F igure 8 . B inding energy o f  U form o f  a c e ty la c e to n a te  anion as a 
fu n ctio n  o f the c e n tr a l an g le  0 .
d e g r e e s , presumably because the m ethyl-m ethyl r ep u ls io n s  tend to  
open the c e n tr a l a n g le . In both o f  th ese  c a se s , i t  i s  in t e r e s t in g  
th a t th e non-bonded in te r a c t io n s  causing th e d if fe r e n c e s  in  0 
between the d i f f e r e n t  forms are c o r r e c t ly  p red ic te d , a t  l e a s t  
q u a l i t a t iv e ly ,  by th e CNDO/2 r e s u l t s .
In th e c a se  o f  th e U form o f  th e  an ion  o f  « -m e th y la c e ty l-  
a ce to n e , 122 degrees i s  the va lu e  o f  0 th a t g iv e s  th e  low est energy. 
T his d ecrea se  r e la t iv e  to  th e  a n g le  o f  a c e ty la c e to n e  i s  most 
probably due to  r ep u ls io n s  between the cr-methyl group and the C3 - 
C5 and C2  - C3 bonds. The energy o f  th e S form was n o t a c tu a lly  
m inim ized, but i t  was assumed th a t 122 degrees was a ls o  i t s  an g le  
o f  minimum energy. Note th a t  th ere  i s  l i t t l e  d if fe r e n c e  between  
a n g les  o f  minimal energy in  th e ca ses  o f  th e U and S forms o f  
a c e ty la c e to n e . The W form o f  th e anion  has a va lu e  o f  0 th a t g iv e s  
th e minimum energy o f  I32  d eg rees , which i s  a lm ost id e n t ic a l  to  
th e  va lu e  fo r  a c e ty la c e to n e ;  t h is  la r g e r  an g le  compared w ith  th ose  
o f  th e  U and S forms i s  aga in  a ttr ib u te d  to  r ep u ls io n s  between the  
m ethyls a ttach ed  to  th e carbonyls in  th is  form.
The c a lc u la t io n s  fo r  th e k eto  forms o f  th ese  two compounds 
show a marked d ecrea se  in  th e most s ta b le  0 's  r e la t iv e  to  th ose  
o f  th e an ion s; th e minimal energy v a lu e  o f  0 fo r  th e  U, S, and W 
forms o f  both compounds i s  l e s s  than 120 d eg rees . The r e s u lt s  fo r  
both compounds g iv e  th e  same va lu e  o f  0 fo r  each o f  the th ree  form s, 
and the 90°  form shows an a n g le  o f  110 d eg rees , which i s  id e n t ic a l  
to  th a t fo r  sp3 h y b r id iz a t io n . The U and S forms show s l i g h t l y  
la r g e r  a n g les  than th a t o f  th e 90°  form, presumably because o f  the  
oxygen-oxygen r ep u ls io n s  in  the U form and oxygen-m ethyl rep u ls io n s
i i i  the S form. The. minimal energy v a lu es  o f  0 fo r  th e W forms are  
co n sid era b ly  la r g er  than th ose  o f  th e U, S, or  90° forms because  
o f  the rep u ls io n s  between th e m ethyls a tta ch ed  to  th e carb on yls;  
in  th e ca se  o f  a c e ty la c e to n e , 0 tak es on th e same v a lu e  i t  had 
in  the W form o f  th e an ion , 133 d e g r ee s . I t  i s  s l i g h t l y  l e s s  in  
th e  ca se  o f  a -m eth y la c e ty la ce to n e , probably because o f  r ep u ls io n s  
between th e  cy-methyl group and th e  C2  - C3  and C3 - C5 bonds which  
tend to  c lo s e  th e an g le  somewhat.
The th ird  compound, p rop an ed ia l, was used on ly  as a model
compound fo r  s p e c ia l  com putations. F i r s t ,  i t s  an ion  was used to
study th e p o t e n t ia l  fu n c tio n  fo r  r o ta t io n  around the C3 - C5 bond; 
for  th is  purpose th e c e n tr a l a n g le  0 was taken to  be th e same as
th a t fo r  a c e ty la c e to n e , 127 d eg rees . F in a l ly ,  c a lc u la t io n s  were done
on the W form o f  p rop an ed ia l1s k e to  s tr u c tu r e  in  order to  study the  
behavior o f  the o r b i t a l  e n e rg ie s  as a fu n c tio n  o f  0 ; th is  work w i l l  
be d isc u sse d  la t e r .
The c a lc u la t io n s  fo r  the en o l forms o f  th ese  compounds were 
more e x te n s iv e ;  0 , tu, and R were v a r ied  to  o b ta in  th e  minimum energy  
conform ation o f  th e sym m etrical and unsym m etrical H-bonded en o l (u 
form) and the unsym m etrical non-hydrogen-bonded U form o f  th e  e n o l.
The v a lu es  o f  uj and R th a t were o b ta in ed  from th e c a lc u la t io n s  fo r  
the unsym m etrical non-hydrogen-bonded U form were used in  th e  
c a lc u la t io n s  fo r  a l l  non-hydrogen-bonded forms o f  a l l  o f  th e  compounds 
th a t were s tu d ie d . The va lu es  o f  0, <d, and R th a t were ob ta in ed  
from the c a lc u la t io n s  on th e hydrogen-bonded U forms were a ls o  used  
fo r  the hydrogen-bonded U forms o f  Q '-m eth ylacety laceton e. This 
procedure i s  not s t r i c t l y  j u s t i f i a b l e ,  but th e tru e  v a lu es  fo r
o'-m o.thylneety lacetone arc probably c lo s e  to  th e v a lu es  fo r  a c e t y l -  
n ccto n c . The minimum energy va lu e  o f  0 was found fo r  the S and W 
forms o f  a c e ty la c e to n e  and a -m eth y la c e ty la ce to n e . Table I I I  g iv e s  
the minimum energy v a lu es  fo r  th e  v a r ia b le s .  The minimum energy  
9 fo r  th e v ar iou s forms o f  both compounds shows th e same trends as 
the minimum energy 0 fo r  the an ion s which w ere p r e v io u s ly  s ta te d  and 
d isc u s se d .
I t  i s  in t e r e s t in g  to n ote  th a t th e  v a lu e s  o f  th ese  minimum 
energy v a r ia b le s  p la ce  th e  hydrogen p r a c t ic a l ly  e q u id is ta n t  between  
the two oxygens in  the sym m etrical model and co n sid era b ly  c lo s e r  to  
one oxygen than th e o th er  in  th e  unsym m etrical m odel. Thus the  
geometry o f  th e  s k e le to n  has a g r ea t bearing on th e p o s it io n  o f  a 
hydrogen in  a hydrogen bond.
Previous C a lc u la tio n s  on A cety la ce to n e
B efore th e  c a lc u la t io n s  which were done in  t h is  work are  
presen ted  and d is c u s se d , a b r ie f  summary o f  t h e o r e t ic a l  work done 
by o th er  in v e s t ig a to r s  on th e se  0 -d ik e to n e s  system s i s  a d v isa b le .
Many in v e s t ig a to r s  have done c a lc u la t io n s  on a c e ty la c e to n e ,  
r e la te d  0 -d ik e to n e s , and th e ir  a n io n s, a lthough th ese  c a lc u la t io n s  
have u s u a lly  been r e s t r ic t e d  to  th e  Tf system s o n ly . Tsuboi47 did  
a very  sim ple MO c a lc u la t io n  and used a fr e e  e le c tr o n  model fo r  
a c e ty la c e to n e  and i t s  anion (u form); he s u c c e s s f u l ly  p red ic ted  th e  
red s h i f t  o f  th e an ion  e le c tr o n ic  tr a n s it io n  r e la t iv e  to  th a t o f
k j .  T suboi, M., B u ll. Chem. Soc. Japan. 25. 385  (1 9 5 2 ) .
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TABLE I I I
V alues o f  6 , ( J U .  and R o f  Enol Forms That 
G ive th e  Minimum Energy (CNDO/g)
Form
A c ety la ce to n e  
Sym. C helated U 
Unsym. C helated U 
U nchelated  U 
U nchelated  S 
U nchelated  W























0f-Me th v la c e tv la c e to n e  
Sym. C helated U 
Unsym. C helated  U 
U nchelated  S 























Assumed to  be th e same v a lu e  as th a t o f  the symmetric ch e la ted  U 
form o f  a c e ty la c e to n e .
Assumed to  be th e same v a lu e  as th a t  o f  the u n ch ela ted  U form of  
a c e ty la c e to n e .
Assumed to  be th e  same va lu e  as th a t o f  the unsym m etrical ch e la ted  
U form o f  a c e ty la c e to n e .
th e  n e u tra l e n o l. Grens and Vanags4 0 ’ 4 9 ,5 0  have done e x te n s iv e  
c a lc u la t io n s  on p -d ik eto n es and th e ir  an ion s by means o f  the  
Huckel method. They have done c a lc u la t io n s  on d if f e r e n t  planar  
s tr u c tu r e s  o f  th e a n io n s, and th ey  have used th e  r e s u lt s  to  e x p la in  
th e e le c t r o n ic  a b so rp tio n  sp e c tra  o f  th e se  sy stem s. P lo tn ik o v  
e t  a l . 51 have c a lc u la te d  TMT tr a n s it io n  e n e r g ie s , but they  con sid ered  
o n ly  th e TT-electron system . T heir  p r e d ic t io n s  in c lu d ed  th ree  
e le c t r o n ic  t r a n s it io n s  fo r  a c e ty la c e to n e  a t  2 2 0 , 2 6 0 , and 3 5 0  nm.
The f i r s t  two tr a n s it io n s  were claim ed to  be b e n z e n e -lik e  t r a n s it io n s  
o f  th e qu asiarom atic  hydrogen-bonded en o l s tr u c tu r e . F o rster 52 
used Huckel and SCF methods (iT e le c tr o n s  o n ly ) to  c a lc u la te  t r a n s it io n  
e n e rg ie s  fo r  th e  model system
/ ' CQ '\
f ?
0 . .  ,0
*«.
in  which M i s  a ch e la te d  m etal io n . Both methods gave reason ab ly  
good r e s u lt s  w ith  th e use o f  s u ita b le  p a ra m eter iza tio n  and p red ic ted  
a r e la t iv e l y  h igh  charge d e n s ity  on th e  or-carbon. DeArmond and
)+8 . Grens, E . , and Vanags, G ., Zh. Organ. Khim. . 1., J  ( I 9 6 5 ) .
i) 9* Grens, E ., and Vanags, G ., L a tv iia s  PSR Zinatnu Akad. V e s t i s ,
Kim. S er . .  277 ( l 9 & ) .
50. Grens, E ., and Vanags, G ., L a tv iia s  PSR Zinatnu Akad. V e s t i s .
Kim. S e r . .  287  ( 1967 ) .
'j 1. P lo tn ik o v , V. G ., D an ilova , V. I . ,  S h ig o r in , D. N ., Terpugova,
A. F . ,  Zubkova, L. B ., F ilip p o v a , L. G ., Zh. F iz .  Khim. ,  ^9.
2311 (1 9 6 5 ).
52 . F o r s te r , L . , J . Am. Chem. S oc. ,  8 6 . 3001 ( 196k ) .
F o r s te r ba a ls o  c a lc u la te d  m olecu lar o r b it a l s  fo r  the a c e ty la c e to n e  
anion  and p red ic ted  i t s  t r a n s it io n  e n e rg ie s  by means o f  P op le1 s 
T f-electron  method. L i t in s k i i  e t _ a l . 54  used th e P a r iser -P a rr-P o p le  
method to  g e t  t r a n s it io n  en erg ie s  o f  a c e ty la c e to n e  anion  and 
r e la te d  a n io n s. Hashimoto e t  a l . 55 t r ie d  a d if f e r e n t  approach. They 
s ta r te d  w ith  energy le v e l s  o f  two carb onyls and one C io n  and in t e r ­




This com posite m olecu le  approach was then  used to  g e t  the t r a n s it io n  
energy, which they c a lc u la te d  to  be k . ^ b  eV. They p red ic ted  th e  
ground s t a t e  to  be p r im a r ily  th a t which i s  shown above; t h is  form 
has most o f  th e charge on the of-carbon. However, th ey  p red ic ted  the  
f i r s t  e x c ite d  s t a t e  to  have m ostly  c h a r g e -tra n sfer  components and to  
have most o f  th e  charge on the ca rb o n y ls .
Morokuma e t  a l . 56  used an a l l - v a le n c e  e le c tr o n  SCF method 
to  c a lc u la te  th e ground s t a t e  en erg ie s  o f  th e k eto  and en o l forms 
o f  a c e ty la c e to n e . They p red ic ted  the k e to  form to  be the more s ta b le
33* DeArmond, K ., and F o r s te r , L .,  Spectrochim . A cta . 19, 1393 (19^ 3).
')h . L i t in s k i i ,  A .O ., Bakauskas, R ., B a le v ic iu s , M., Shchukin, R. N .,
and B o lo t in , A. B .,  L i e t . F iz . R in k in v s. .  L ie t .  TSR Mokslu Akad. ,  
L ie t .  TSR A ukst. Mokvklos, 7~ 117 (19^7)•
33* H asim oto, F . ,  Tanaka, J . , and Nagakura, S . ,  J . Mol. S p ec trv . ,
i o ,  koi ( i 9 6 3 ) .
3 6 . Morokuma, K ., K ato, H., Yunezawa, T ., and Fukui, K ., B u ll . Chem. 
Soc. Japan. 3 8 , 1263 ( 1965 ) .
63
one; th is  p r e d ic t io n  i s  in  d isagreem ent w ith  gas phase and organ ic  
s o lv e n t  s o lu t io n  m easurem ents. 5 7 ’ 58  They d id  c a lc u la t io n s  on two 
d if f e r e n t  forms o f  th e  e n o l, one in  which th e carbon sk e le to n  i s  
symmetric and th e hydrogen i s  halfw ay between th e  two oxygens and 
th e o th er  in  which th e  s k e le to n  co n ta in s  one form al C-C s in g le  bond 
and th e hydrogen i s  c lo s e r  to  one oxygen than th e o th e r . The 
unsym m etrical s tr u c tu r e  was p red ic ted  to  be the more s ta b le  one.
Murthy e t  a l . 5 9 ,6 0  used CNDO methods to  c a lc u la te  ground 
s t a t e  e n e r g ie s  o f  th e  a c e ty la c e to n e  k e to  and en o l form s. T heir  
r e s u lt s  p red ic ted  th e  en o l to  be 2*3 k ca l/m o le  more s ta b le ;  th is  
r e s u l t  i s  in  good agreem ent w ith  th e  experim en ta l v a lu e  o f  2 .4  
k c a l/m o le . 61 The d ip o le  moment was c a lc u la te d  to  be 3*6D, a va lu e  
which compares fa v o ra b ly  w ith  th e  observed v a lu e  o f  3 •00D . 62 These 
c a lc u la t io n s  p red ic ted  a n e t  charge on th e  hydrogen-bonded hydrogen  
o f  +O.2 3 6 .
R azafindrakoto and B esnainov63  used  th e PPP method to  
c a lc u la te  s h i f t s  in  the TT—*7T band o f  a c e ty la c e to n e  an ion  upon c h e la t io n
57. Conant, J . B ., and Thompson, A. F . ,  J r . ,  J . Am. Chem. Soc. .  54. 
4039 (1 9 3 2 ).
5 8 . B urd ett, J . , and R ogers, M., J . Am. Chem. S o c . .  8 6 . 2015 (1 9 6 4 ).
59 . Murthy, A .S .N ., Curr. S c i . .  5 8 . 12 ( 1969) .
6 0 . Murthy, A .S .N ., Bhat, S . N ., and Rao, C. N. Ramachandra, J .
Chem. S oc. , A1970. p 1251•
6 1. Pow ling, J . , and B er n ste in , H. J . , J . Am. Chem. S oc . .  7 5 . 4353 
(1 9 5 1 ).
62 . M cC lellan , A. L . , "Tables o f  Experim ental D ip o le  Moments", W. H. 
Freeman and C o., San F ra n c isco , I 9 6 3 .
6 3 . R azafindrak oto , E ., and B esnainov, S . ,  T heoret. Chinu A cta .
1 , 321  a w .
w ith  a proton . They concluded th a t a sim p le e l e c t r o s t a t i c  model o f  
the hydrogen bond was in s u f f i c i e n t  to  e x p la in  the observed s h i f t s .
Ground S ta te  S t a b i l i t i e s  in  S o lu tio n
In  order to  d is c u s s  th e exp erim en ta l e le c tr o n ic  sp ectra  
ob ta in ed  by Cheng, i t  i s  n ecessa ry  to co n sid er  which sp e c ie s  would 
be expected  to  be p resen t in  a p a r t ic u la r  s o lu t io n  fo r  which the  
e le c tr o n ic  sp ec tra  were o b ta in ed . In th is  s e c t io n , c a lc u la te d  
b in d in g  en erg ie s  and d ip o le  moments w i l l  be used as a gu ide fo r  
d isc u s s in g  which s p e c ie s  would l ik e ly  be p resen t in  a p a r t ic u la r  
s o lu t io n .
Binding E nergies
The CNDO/2 program was used e x c lu s iv e ly  to  o b ta in  th e  
binding e n e rg ie s  o f  a l l  p o s s ib le  s p e c ie s  in  s o lu t io n s  o f  a c e ty la c e to n e  
and o'-m ethylacety  la c e  ton e. Table IV co n ta in s  th e c a lc u la te d  b inding  
e n e rg ie s  o f  a l l  o f  th e  s p e c ie s  o f  th ese  two compounds. In each ca se , 
the va lu e  fo r  th e c e n tr a l an g le  0 was chosen to  be th e one which 
m inim ized the b in d in g energy; th is  procedure was d isc u sse d  in  the  
previous s e c t io n . F igure 9 I s  a. g ra p h ica l r e p r e se n ta tio n  o f  the  
bin d in g  e n e rg ie s  o f  th e  n eu tra l form s, but i t  co n ta in s  on ly  th ose  
s p e c ie s  th a t probably e x i s t  a t  independent e n t i t i e s .  F igure 10 i s  
th e g ra p h ica l r ep re sen ta tio n  o f  th e b in d in g  e n e rg ie s  o f  th e  th ree  
planar forms o f  th e an ion  for  which r e s u lt s  are p resen ted  in  Table IV. 









U Sym. C helated  
U Unsym. C helated  
U Sym. U nchelated  




B inding E nergies (CNDO/2)
B inding Energy (h a r tr e e s )  
A cety la ce to n e  a -M eth v la cety la ceto n e
-6 .2 6 0 4 6  
- 6 .2 6 5 6 2  
-6 .2 6 1 8 5  
-6 .24255
-7 .5 1 6 7 9
-7 .5 2 0 5 1
-7 .5 1 9 2 2
-7 .5 1 1 0 6
- 6 .3 0 7 0 0
- 6 .2 9 8 6 3
- 6 .2 6 2 5 2
-6 .2 7 8 4 6
- 6 .2 6 6 9 5
- 6 .2 7 2 2 9
-7 .5 5 9 8 2  
-7 .55^99
-7 .5333^
-7 .5 2 7 6 8




- 6 .1 0 3 8 5  
- 6 .1 1 1 3 1  
- 6 .1 0 6 8 6




























" " " "  S Keto_'
^  “"90° Keto
W E n o l ^
S E n o l v .  ^
- U UnchelatafEnol







A cetv la ce to n e r v -M e th y la c e ty  l a c e  to n e
Figure 9- Binding en erg ie s  o f  n eu tra l sp e c ie s  o f  a c e ty la c e to n e  and 


























A cety la ce to n e  ^ -M eth v la cety la ceto n e
F igure 10. B inding e n e rg ie s  o f  an ion s o f  a c e ty la c e to n e  and a'-m ethyl- 
a c e ty la c e to n e  (CNDO/2).
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on p o te n t ia l  curves fo r  r o ta t io n  about the C3 - Cs  bond. Both 
Figure 9 and Figure 10 are co n stru cted  so  th a t th e most s ta b le  forms 
o f  each compound are p laced  in  the same p o s it io n  on the energy a x is .  
This p o s it io n in g  a llo w s  com parisons o f  r e la t iv e  s t a b i l i t i e s  o f  th e  
corresponding s p e c ie s  o f  th e  two compounds.
The io n iz a t io n  e n e rg ie s  o f  th e en o ls  from which the
th ree  planar anions could  most e a s i l y  be formed a re  g iv en  in  Table V.
These.. ipniza.tiojn_..ener^ies are the d if fe r e n c e s  in  b in d in g  energy  
between th e en o l and the form o f  th e anion which would be exp ected  
to be produced upon io n iz a t io n  o f  th a t p a r t ic u la r  e n o l.
D ip o le  Moments
One q u a n tity  which would h e lp  to  g iv e  a measure o f  s o lv e n t -
s o lu te  in te r a c t io n s  i s  th e d ip o le  moment o f  th e m o lecu le . E sp e c ia lly
in  p o lar  s o lv e n t s ,  th e  m agnitude o f  th e d ip o le  moment would g iv e  an 
in d ic a t io n  o f  th e s t a b i l i t y  o f  the s p e c ie s .  The CNDO/2 program was 
used fo r  the c a lc u la t io n  o f  the d ip o le  moments o f  a l l  forms o f  acetyl™  
aceton e  and o '-m eth y la cety la ceto n e . Table VI g iv e s  th e se  d ip o le  
moments. The experim en tal d ip o le  moment fo r  a c e ty la c e to n e  i s  3 .OOD. 64
D iscu ss io n  o f  Ground S ta te  S t a b i l i t i e s  in  S o lu tio n
S evera l assum ptions must be made in  order to  be a b le  to  
u se  th e c a lc u la te d  b in d in g en erg ie s  to  deduce which forms o f  each
Ot-. M cC lellan , A. L . , o p .  c i t .
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m olecu le  w i l l  most l ik e ly  be p resen t in  a p a r t ic u la r  s o lu t io n .
F ir s t ,  eq u ilib r iu m  among the d i f f e r e n t  forms must be assumed, o th e r ­
w ise  no com parisons between th e b in d in g  e n e rg ie s  can be made.
However, even i f  eq u ilib r iu m  i s  a t ta in e d , the thermodynamic q u a n t it ie s  
which determ ine which sp e c ie s  w i l l  be p resen t under con stan t  
tem perature and p ressu re  c o n d it io n s  are  the G °'s and n ot th e  E1s th a t  
are c a lc u la te d  by th e  u se  o f  th e  quantum m echanical programs. A 
r e la t io n  must be e s ta b lis h e d  betw een E and G°.
Consider th e  eq u ilib r iu m  e n o l(g )  k e to (g ) .  The b a s ic  
r e la t io n  between G° and E i s  g iv en  by G° = H° - TS°, in  which H° i s  
th e standard en th a lp y , S° i s  the standard entropy , and T i s  the
tem perature; E° can be r e la te d  to  H° by H° = E° +  (PV )°, in  which P
i s  the p ressu re  and V i s  the volum e. For th e  r e a c tio n  s ta te d , AG° 
i s  the q u a n tity  needed in  order to  d ec id e  which s id e  o f  th e  
eq u ilib r iu m  w i l l  be favored . For a co n sta n t p ressu re  p r o c ess , AH° =
AE° + PAV°. I f  i t  i s  assumed th a t both  k eto  and en o l forms are
id e a l  g a se s , then AV° = 0 and AE° = AE, s in c e  the id e a l  gas i s  taken
to  be the re feren ce  s t a t e ,  so th a t AH° = AE. This assum ption i s  
c o n s is te n t  w ith  th e f a c t  th a t th e  c a lc u la t io n s  were done fo r  an 
is o la t e d  m o lecu le , and co n seq u en tly  id e a l  gas behavior has a lrea d y  
been im p lied . Thus, AG° = AE - TAS°, and AE w i l l  be approxim ated  
as the d if fe r e n c e  in  th e c a lc u la te d  b ind ing  e n e r g ie s . I t  should  
be r e a liz e d  th a t th e  quantum m echanical AE (th e  c a lc u la te d  d if fe r e n c e s  
in  b in d in g e n e r g ie s )  should on ly  be compared w ith  th e  thermodynamic 
AE a t  a b so lu te  zero , because a t  h ig h er  tem peratures th e  thermo­
dynamic AE co n ta in s  c o n tr ib u tio n s  from o th er  m otions o f  th e m olecu le  
b e s id e s  th e e le c t r o n ic  m otion . T h erefore , th e assum ption must be
made th a t the AE c o n tr ib u tio n s  from th ese  o th er  m otions are sm all 
compared w ith  th e  e le c tr o n ic  c o n tr ib u tio n . The q u a n tity  AS° must 
a ls o  be con sid ered  in  making a d e c is io n  about which o f  th e  
e q u il ib r a te d  forms predom inates. A lso , the AE th a t i s  ob ta in ed  fo r  
com parison w ith  gas-p h ase  data cannot be d ir e c t ly  compared w ith  
s o lu t io n  data because th e e q u a lity  AE = AH° w i l l  not n e c e s s a r i ly  
be tru e  in  s o lu t io n s . Some measure o f  s o lu te - s o lv e n t  in te r a c t io n s  
i s  needed, and d ip o le  moment c a lc u la t io n s  w i l l  be used as a gu id e to  
the e x te n t  o f  th ese  in t e r a c t io n s .  However, i t  should be k ep t in  mind 
th a t tr e a t in g  the s o lu t io n  data in  th is  fa sh io n  i s  on ly  an 
approxim ation .
A l l  experim en tal ev id en ce , such as bromine t i t r a t i o n 65 
and NMR a n a ly s i s ,66 shows th a t both in  th e gas phase and in  organ ic  
s o lv e n ts  a c e ty la c e to n e  i s  predom inantly in  th e  en o l form. Gas phase 
m easurem ents67 in d ic a te  th a t the en o l co n ten t i s  about 92 per cen t, 
w h ile  in  th e  pure l iq u id  s t a t e  th e  per cen t en o l d ecrea ses  to  about 
e ig h ty  per c e n t .68*69 In most s o lv e n t s ,  excep t in  h ig h ly  p o lar  ones 
such as w ater, th e amount o f  en o l remains h ig h er  than the amount o f  
k e to . In crea sin g  the so lv e n t  p o la r ity  r e s u lt s  in  a trend toward 
a g r e a te r  fr a c t io n  o f  th e  k eto  form.
6 5 . Conant, J . B ., and Thompson, A. F . , J r . ,  op. c i t .
6 6 . B u rd ett, J . , and R ogers, M., op. c i t .
6 7 . Conant, J . B ., and Thompson, A. F . ,  J r . ,  op. c i t .
68 . Conant, J . B ., and Thompson, A. F .,  J r . ,  op. c i t .
6 9 . B u rd ett, J . , and R ogers, M., op. c i t .
The same trend h o ld s  fo r  the o'-m ethyl compound, but the  
k eto  form i s  predominant even in  the gas phase, in  which the enol 
con ten t i s  about kk per c e n t . 7 0  AH° fo r  the r e a c t io n  k e to  & eno l 
i s  s t i l l  n e g a tiv e  in  th e  ca se  o f  the o'-m ethyl compound, but the  
large  n e g a tiv e  AS0 fo r  th e r ing  c lo su re  in  th e en o l makes AG° p o s it iv e ;  
hence the k eto  predom inates . 71  The s u b s t itu e n t  on the 2 -p o s it io n  
most probably d e s t a b i l i z e s  the en o l form because o f  i t s  s t e r i c  e f f e c t s  
in  h in d erin g  p la n a r ity  o f  th e  en o l form . 7Z The c o n c lu s io n  i s  th a t  
th ere  i s  r e la t iv e l y  more k eto  form in  th e  o'-m ethyl compound than  
th ere  i s  in  a c e ty la c e to n e  i t s e l f .
However, th ere  i s  more than one p o s s ib le  en o l form. 
Kabachnik73  p o s tu la te d  two forms o f th e a c e ty la c e to n e  e n o l, a c i s  
ch e la ted  form (u) and a tra n s u n ch ela ted  form ( s ) ,  which are in  
eq u ilib r iu m . He claim ed th a t  p o lar  s o lv e n ts  favor  the trans form 
r e la t iv e  to  the c i s  because o f  th e exp ected  la r g e r  d ip o le  moment 
o f the trans form. He s ta te d  th a t experim en ta l r e a c t io n  r a te s  
support t h is  c la im . I o f f e 74  ob ta in ed  exp erim en ta l ev id en ce  from UV 
sp ectra  o f  (^ -su b stitu ted  a c e ty la c e to n e s  th a t th re e  forms o f  th e s e  
compounds are p resen t in  s o lu t io n  - the c i s  e n o l, the tran s e n o l ,  
and the k e to  form s.
70 . Conant, J . B . , and Thompson, A. F . , J r . ,  op. c i t .
7 1 . B u rd ett, J . ,  and R ogers, M., J . Phvs. Chem. .  7 0 , 959 ( 1966) .
7 2 . Rumpf, P ., and R iv ie r e , E . , Compt. Rend. .  2kk, 902 (1957) •
73* Kabachnik, M. I . ,  B u ll .  Acad. S c i .  USSR, D iv . Chem. S c i . ,8 5  (1955)*
7k . I o f f e ,  S. T ., Popov, E. M., V atsure, K. V ., T u lik ova, E. K ., and
Kabachnik, M. I . ,  D okl. Akad. Nauk SSSR. lk k . 802 ( 1962 ) .
The v ariou s k e to  forms o f  a c e ty la c e to n e  w i l l  be d isc u sse d  
f i r s t .  Table IV and Figure 9 show th a t the p red ic ted  most s ta b le  
form, based on b ind ing  e n e rg ie s  a lo n e , i s  th e 90°  tw is ted  form.
T his seems rea son ab le; because th ere  i s  l i t t l e  co n ju gation  between  
th e two carb on y ls  and, hence, r e la t iv e l y  l i t t l e  m o tiv a tio n  fo r  
p la n a r ity , th e  90°  form should be th e  m ost s ta b le  s in c e  i t  m inim izes  
s t e r i c  r ep u ls io n s  w ith in  th e m o lecu le . The W form i s  e s p e c ia l ly  
u n sta b le  because o f  the r ep u ls io n s  between the end m ethyl groups.
The S form i s  s l i g h t l y  more s ta b le  than th e U form, probably because  
the oxygen-oxygen r ep u ls io n  in  th e  U form i s  s tro n g er  than the oxygen- 
m ethyl r e p u ls io n  in  th e S form. Thus th e  p red icted  order o f  s t a b i l i t y  
o f  the k e to  forms o f  a c e ty la c e to n e  in  the gas phase i s  90° > S > U >
W. In s o lu t io n , th e  d ip o le  moments must a ls o  be co n sid ered . Table 
VI shows th a t th e  U form has the h ig h e s t  d ip o le  moment, and the 90°
form has th e  n ex t la r g e s t  moment. Hence th ese  two forms should be
more s t a b le  in  s o lu t io n  r e la t iv e  to  the o th er  two forms than they  
a re in  th e gas phase. In p o lar  s o lv e n t s ,  th e  90° form i s  s t i l l  
probably th e  most s t a b le ,  a lthough th ere  i s  perhaps some r o ta t io n
around e i t h e r  th e  C3 - C5 or the C2  - C3 bond toward th e U form to
in c r e a se  th e  d ip o le  moment. In n on -p o lar  s o lv e n t s ,  the 90° form i s  
probably the most s ta b le  form, a lth ough  th ere  i s  perhaps some 
r o ta t io n  in  the o th er  d ir e c t io n  toward th e S form to  d ecrease  the  
d ip o le  moment.
Table IV and F igure 9 show the same trends fo r  the k eto  
forms o f  th e Qf-methyl compound. The most n o t ic e a b le  d if fe r e n c e s  
between a c e ty la c e to n e  and o '-m eth y lacety laceton e  are the la rg e  
s t a b i l i z a t io n  o f  th e W form r e la t iv e  to  the o th er  forms in  th e  case
o f  d ie  o'-m ethyl compound, even though I t  i s  s t i l l  th e  l e a s t  s ta b le  
form, and a s l i g h t  d e s t a b i l i z a t io n  o f  th e  90°  form o f  th e o'-m ethyl 
compound r e la t iv e  to  th e  o th er  form s. The change in  th e  b in d in g  
energy o f  the W form can be ex p la in ed  by th e  o b serv a tio n  o f  th e  fa c t  
th a t th e  o'-m ethyl group in  th e W form o f  o rm eth y la ce ty la ceto n e  i s  
more out o f  th e  way o f  th e  o th er  m eth yls than i t  i s  in  th e  o th er  
forms o f  the compound. However, th e  W form i s  s t i l l  th e  l e a s t  s ta b le  
form because o f  th e  r ep u ls io n s  betw een th e  end m eth y ls . The 90° 
form i s  a ls o  somewhat d e s ta b i l iz e d  r e la t iv e  to  th e  o th er  forms 
because o f  a r e p u ls io n  between th e  Qf-methyl s u b s t itu e n t  and one o f  
th e  end m ethyl groups upon r o ta t io n  away from th e  p lan ar form s. 
However, th e  90° form i s  s t i l l  th e  most s ta b le  form o f  a -m eth y l-  
a c e ty la c e to n e . Hence, th e p r e d ic t io n s  o f  th e  d is t r ib u t io n  o f  con- 
formers p resen t in  a s o lu t io n  o f  a -m eth y la c e ty la ce to n e  are  e s s e n t ia l l y  
th e same as th o se  o f  a c e ty la c e to n e , ex cep t perhaps fo r  th e  p r e d ic t io n  
th a t  th ere  i s  s l i g h t l y  more freedom o f  r o ta t io n  about th e  C3  - C5 
or th e C2  - C3 bond in  th e  a-m eth yl compound.
E m stbrunner75  examined th e IR and Raman sp e c tra  o f  the  
k eto  form o f  a c e ty la c e to n e  in  a c e t o n i t r i l e  and w ater , r e s p e c t iv e ly .
He concluded from th e sp ectra  th a t th e  predominant form i s  one in  
which th e  two carbonyls are s itu a te d  about 90°  to  each o th er .
Although th e  90° form he p o stu la te d  was not e x a c t ly  th e same as th e  
one on which c a lc u la t io n s  were done in  th is  work (th e  on ly  d if fe r e n c e  
i s  in  th e  p o s it io n in g  o f  th e number th ree  carbon h yd rogen s), the  
e s s e n t ia l  fe a tu re  o f  the p r e d ic t io n s  o f  th e se  c a lc u la t io n s ,  th e
7 5 . E m stbrun ner, E. E ., J . Chem. Soc. .  A l(JfU, p
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t w is t e d  p o s i t io n  o f  th e  two ca rb o n y ls  r e l a t i v e  to  each  o th e r , i s  
con firm ed  e x p e r im e n ta lly  by t h i s  IR work.
Now th e  e n o l forms w i l l  b e  c o n s id e r e d . C a lc u la t io n s  w ere  
done fo r  two c h e la te d  U form s, a sy m m etr ica l and an u nsym m etrical 
s t r u c t u r e .  T ab le  IV shows th a t  th e  b in d in g  e n e r g ie s  in d ic a t e  th a t  
th e  sy m m etrica l s t r u c tu r e  i s  s i g n i f i c a n t l y  more s t a b le  than th e  
u n sym m etrica l s t r u c t u r e .  T suboi7 6  con clu d ed  from an a n a ly s is  o f  th e  
IR s p e c tr a  th a t  th e  U form o f  th e  c h e la te d  e n o l o f  a c e ty la c e to n e  
i s  a sy m m etrica l s p e c ie s  in  w hich th e  hydrogen  i s  h a lfw ay  betw een  
th e  two o x y g en s . In  l a t e r  w ork, Musso and Junge77 s tu d ie d  th e  
i s o t o p ic  s p l i t s ,  th e  s p l i t t i n g  o f  symmetry v a le n c e  v ib r a t io n s ,  and 
th e  m agn itudes o f  th e  fo r c e  c o n s ta n ts  in  th e  IR o f  th e  carbon  
s k e le to n  o f  a c e t y la c e t o n e  and con clu d ed  th a t  a lth o u g h  th e  m eta l 
c h e la te s  o f  th e  m o le c u le  a r e  c o m p le te ly  sy m m etr ica l, th e  m o lec u le  
i t s e l f  has a O.Ck^k d i f f e r e n c e  in  th e  C-C bonds o f  th e  s k e le t o n .  T h is  
bond le n g th  d i f f e r e n c e  w ould mean th a t  th e  s k e le to n  i s  n o t  c o m p le te ly  
sy m m etr ica l, b u t th e  d is t a n c e s  a r e  s t i l l  much c lo s e r  to  th o se  
co rresp o n d in g  to  a sy m m etrica l s t r u c tu r e  than  to  th o se  corresp o n d in g  
t o  an u n sym m etrica l s t r u c tu r e  in  w hich th e r e  a re  form al d ouble  
and s i n g l e  b on d s. Thus th e  m o le c u le  appears n e a r ly  sy m m etr ica l.
T h is c o n c lu s io n  i s  i n  agreem ent w ith  p r e d ic t io n s  o f  t h i s  work th a t  
th e  sy m m etrica l s t r u c tu r e  i s  more s t a b le  than  th e  unsym m etrica l on e . 
The a rm eth y l compound g iv e s  th e  same g e n e r a l r e s u l t  in  w hich th e r e  
i s  v e r y  l i t t l e  change in  th e  p r e d ic te d  en ergy  d i f f e r e n c e  betw een  th e
7 6 .  T su b o i, M ., B u l l .  Chem. S o c . Japan. 2 5 . 385 (1 9 5 2 ) .
77* M usso, H ., and Junge, H ., op . c i t .
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two forms. S ince  th ere  i s  no reason to  expect th e  unsymmetrical 
chol/itori enol to ex isL  as an independent e n t i t y ,  i t  w i l l  no longer  
be considered; for  t h i s  reason i t  does not appear in  Figure 9-
Table IV l i s t s  s e v e r a l  p o s s ib le  forms o f  the  unchelated  
e n o l .  The unsymmetrical un ch elated  en o l o f  a c e ty la c e to n e  i s  
p red ic ted  to  be more s t a b le  than the symmetrical un ch elated  e n o l .
This g r e a te r  s t a b i l i t y  i s  expected  because th ere  i s  no m o tiv a tio n  
for  making the formal double and s i n g le  bonds symmetrical when th ere  
i s  no ch e la te d  hydrogen. T herefore , on ly  unsymmetrical s tr u c tu r e s  
o f  the un ch elated  en o ls  w i l l  be con sid ered , and the symmetrical 
un ch ela ted  U form probably does not e x i s t  as an independent e n t i t y .
In a c e ty la c e to n e ,  th e  order o f  s t a b i l i t y  o f  the un ch elated  en o ls  i s  
U > S  >  W, but in  the case  o f  th e  O'-methyl compound, the S and the  
W forms are  s i g n i f i c a n t l y  s t a b i l i z e d  r e l a t i v e  to  th e  U form, 
presumably because th ere  i s  l e s s  s t e r i c  r ep u ls io n  between the di­
m e t h y l  s u b s t i t u e n t  and the end m ethyls in  the S and W forms than 
there  i s  in  the U form. The p red ic ted  order o f  s t a b i l i t y  for  the  
■rv-methylacetylacetone un ch elated  en o ls  i s  S >  U >W . A co n s id e ra t io n  
o f  the d ip o le  moments in  Table VI shows th a t  the h igh er  d ip o le  
moments o f  th e  W and S forms r e l a t i v e  to  the U form o f  both a c e t y l ­
acetone  and o rm eth y la ce ty la ce to n e  should s t a b i l i z e  th e s e  forms 
more than the U form in  polar s o lv e n t s .  Hence, most o f  the unchelated  
en o l in  s o lu t io n  i s  l i k e l y  to  be the U form o f  a c e ty la c e to n e  u n le s s  
the s o lv e n t  i s  h ig h ly  p o lar  and the S form o f  the Q»-methyl compound 
a long w ith  c o n s id era b le  amounts o f  the  U and W forms. However, 
th ere  i s  some q u es t io n  about the s t a b i l i t y  o f  the U un ch elated  form 
to  e x i s t  as a sep a ra te  e n t i t y ;  t h i s  q u es t io n  w i l l  be considered  s h o r t ly .
The U ch e la ted  enol i s  co n s id era b ly  more s t a b le  than any 
o f  the unchelated  e n o ls  or keto  forms; a t  l e a s t  energy a lone  i n ­
d ic a t e s  a g r e a te r  s t a b i l i t y .  Although the entropy o f  each o f  the  
s p e c ie s  w ith in  the k e to ,  ch e la ted  e n o l,  and un ch elated  en o l groups 
was considered  to  be approxim ately th e  same ( t h i s  assumption was not  
s ta te d  e x p l i c i t l y ,  a lthough the f a c t  th a t  the entropy was not  
considered  in  deducing the r e l a t i v e  s t a b i l i t i e s  o f  th e se  forms w ith in  
each group im p lied  th e  assum ption), r e l a t i v e  entropy d i f f e r e n c e s  
between the d i f f e r e n t  groups may be a fa c to r .  The entropy o f  the  
k eto  form has been e s t a b l i s h e d  exp erim en ta lly78  to be h igh er  than 
the entropy o f  the ch e la te d  en o l form. This c o n c lu s io n  seems to be 
l o g i c a l  because the r ing  s tr u c tu r e  o f  the ch e la ted  en o l f i x e s  the 
p o s i t io n s  o f  the atoms in  the r ing  ra th er  f ir m ly .  Although i t  has 
not been confirmed e x p er im en ta lly ,  i t  would a l s o  be l o g i c a l  to  
conclude th a t  the entropy for  an un ch ela ted  enol should be h igh er  
than the  entropy for  the c h e la ted  en o l because o f  the r e l a t i v e  
f l e x i b i l i t y  o f  the hydrogen in  the un ch elated  form. Although the  
unchelated  en o l form cannot be compared d i r e c t l y  w ith  the k e to  forms, 
i t  seems l i k e l y  th a t  the k e to  form should have the h igh er  entropy  
because o f  th e  conju gation-indu ced  p la n a r i ty  o f  the carbon sk e le to n  
in  the unchelated  e n o ls .  Hence the order o f  magnitude o f  the  
entropy and the s t a b i l i t y  based on ly  on entropy c o n s id e ra t io n s  i s  
most l i k e l y  to  be keto  >  unchelated  en o l >  ch e la ted  e n o l.
7 8 .  B urdett, J . , and Rogers, M., J. Phvs. Chem. .  7 0 . 959  ( 1966 ) .
Table IV aiul FI}/,tiro 9 show th at energy co n s id era t io n s  
p re d ic t  e x a c t ly  the rev erse  order o f  s t a b i l i t y ,  ch e la ted  enol > 
unchelated  en o l > lceto. Thus, u n le s s  the en tro p ie s  can be c a lc u la te d ,  
the b e s t  th a t  can be done i s  to e st im a te  which forms should be more 
s t a b le  in  one system  (a c e ty la c e to n e )  r e l a t i v e  to  another (orm ethyl-  
a c e t y la c e t o n e ) . Figure 9 shows th at the keto  and unchelated  en o l  
forms should have a h igh er  con cen tra tion  in  the a-m ethyl compound 
because the e n e r g ie s  o f  th ese  forms are lower than th ose  o f  the  
ch e la ted  e n o l ,  i f  the entropy e f f e c t s  a re  s im i la r  in  the two system s.  
I t  should be po in ted  ou t ,  however, th a t  t h i s  lowering o f  the binding  
e n e r g ie s  o f  the u n ch ela ted  e n o ls  and keto  forms r e l a t i v e  to  the  
ch e la ted  enol o f  orm eth y lacety laceton e  may be due in  part to  an 
a r t i f a c t  o f  the c a lc u la t io n s  th a t  may have r e s u lt e d  because the energy  
o f  the ch e la ted  en o l form o f  orm eth y lacety laceton e  was not minimized  
w ith  r e sp e c t  to  0, u), and R ( th e  same va lu es  obtained in  the  
m in im ization  fo r  a c e ty la c e to n e  were u se d ) .  Hence, the true  binding  
energy o f  the ch e la ted  en o l o f  orm eth y lacety laceton e  may be s l i g h t l y  
lower than th a t  c a lc u la te d ,  but i t  probably i s  not s u f f i c i e n t l y  
lower to  d es tro y  the trends ev id en t  in  the c a lc u la t io n s .  The main 
po in t  o f  the p r e d ic t io n s ,  th a t  orm eth y lacety laceton e  should have a 
high er  co n cen tra t io n  o f  unchelated  enol and keto  forms than a c e t y l ­
ace to n e , i s  w e l l  supported by experim ental work p rev io u s ly  c i t e d ! 9 ’ 8 0 ’
7 9 . Burdett, J . , and Rogers, M., J. Phvs. Chem. .  7 0 , 939 ( 1966 ) .
00 . I o f f e ,  e t  a l . , op. c i t .
81 . Kabachnik, M. I . ,  B u ll .  Acad. S c i  USSR, Div. Chem. S c i . .  85
(1 9 5 5 ) .
I t  i s  p o s s ib le  that one. o f  the U forms ( e i t h e r  ch e la ted  
o r  u n ch ela ted ) does not e x i s t  as an independent e n t i t y  in  ca se s  in  
which one form i s  more s t a b le  than the o th er , because i t  i s  q u i te  
l i k e l y  th a t  there i s  no energy b a r r ier  between the two forms. A l l  
th at i s  n ecessary  fo r  in te r c o n v e rs io n  o f  the two forms i s  th a t  the  
hydrogen r o ta te  around the C-0 s i n g l e  bond. However, in  r ig id  media 
i t  i s  a l s o  p o s s ib le  th at s o lv e n t  m olecu les  may be a b le  to  b lock  
t h i s  r o ta t io n  e f f e c t i v e l y ,  and consequently  both U forms could e x i s t  
as sep arate  e n t i t i e s .
Of cou rse , in  order to use  the p red ic ted  s t a b i l i t i e s  o f  
th e s e  d i f f e r e n t  forms to  dec ide  which s p e c ie s  might be p resen t in  
a p a r t ic u la r  system , an equ il ib r iu m  must be a t t a in e d .  Kabachnik82 
proposed th at the  c i s  and trans en o ls  e q u i l ib r a te  by p ass in g  through 
an in term ed ia te  k e to  form. This e q u i l ib r a t io n  path seems reasonab le  
because the k e to  form should have p r a c t i c a l l y  fr e e  r o ta t io n  around 
i t s  C2  - C3 and C3 - C5 bonds.
The c a lc u la te d  d i f f e r e n c e  in  energy between the U ch e la ted  
en o l and the k eto  form (26  k ca l/m o le )  i s  much h igh er  than the  
experim ental va lue  ( 2 . k - 2 . 9 k c a l /m o le ) . 8 3 ,8 4 ,8 5  The c a lc u la te d  
hydrogen bond energy ( th e  d i f f e r e n c e  between the ch e la te d  and un­
c h e la te d  form o f  the en o l)  agrees  much b e t t e r  w ith  previous v a lu e s .
8 2 .  Kabachnik, M. I . ,  ib id .
8 3 . Powling, J . and B ern ste in ,  H. J . ,  op. c i t .
8 k. Jakuszewski, B .,  and Lazniewski, M., Pure Appl. Chem. ,  2 ,  31 
(1 9 6 1 ) .
8 5 . Burdett, J . , and Rogers, M., J. Phvs. Chem. .  7 0 , 939  ( 1966 ) .
Who..Land®6 e st im ated  th at th e  in tra m o lecu la r  hydrogen bond o f  a c e t y l ­
acetone has a s tr en g th  between seven and 1.5 k ca l/m o le;  th ese  
c a lc u la t io n s  gave 18 k ca l /m o le .  Part o f  the d iscrepan cy  between  
the energy d i f f e r e n c e  between the k eto  and ch e la te d  en o l forms may 
be due to  s o lv e n t  e f f e c t s ;  however, i t  i s  d i f f i c u l t  to  imagine th a t  
s o lv e n t  e f f e c t s  could  make th a t  la rg e  a d i f f e r e n c e .  I t  may be th a t  
the c a lc u la te d  k e to  e n e rg ie s  are too h igh  s in c e  the experim ental  
va lu es  seem to  l i e  between those  o f  the two en o l forms. I t  i s  a l s o  
p o s s ib le  th at the thermodynamic and quantum mechanical AE's are q u ite  
d i f f e r e n t  in  t h i s  c a se .
The gen era l trends p red ic ted  by the  c a lc u la t io n s  seem to  
be borne out by the experim ental r e s u l t s .  That i s ,  in  the case  o f  
a c e ty la c e to n e  in  p r a c t i c a l l y  every s o lv e n t  ex cep t very p o lar  ones 
the U ch e la ted  en o l should predominate; w h i le  in  the ca se  o f  crm ethyl-  
a c e ty la c e to n e ,  e s p e c i a l l y  in  po lar  s o lv e n t s ,  th e  r e l a t i v e  amounts o f  
keto  and un ch ela ted  en o l  forms should be in crea sed  r e l a t i v e  to  th a t  
o f  a c e t y la c e to n e .  These trends should be kept in  mind throughout 
any ex p la n a t io n  o f  the e l e c t r o n ic  sp ec tra  th a t  are observed.
Table IV and Figure 10 show the c a lc u la te d  b inding en e rg ie s  
o f  the planar anions o f  a c e ty la c e to n e  and o r m e th y la ce ty la ce to n e . In 
each case  the S form i s  e n e r g e t i c a l ly  th e  most s t a b l e ,  w h ile  the  U 
form i s  the l e a s t  s t a b l e .  The most apparent d i f f e r e n c e  between the  
two compounds i s  the r e l a t i v e  d e s t a b i l i z a t i o n  o f  th e  U and W forms 
o f  the crmethyl compound r e l a t i v e  to  a c e ty la c e to n e  i t s e l f .  However,
8 6 . Wheland, G. W., Advanced Organic Chemistry. 5rd Ed. , John 
W iley and Sons, I n c . ,  New York ( i 960  ) .
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th ere  arc d i f f i c u l t i e s  i f  attem pts are made to  use  th e se  b inding  
en e r g ie s  and the d ip o le  moments shown in  Table VI to make c o n c lu s io n s  
about the presence o f  var ious anions in  s o lu t io n s  o f  th ese  compounds. 
One o f  the major unknowns i s  the u n c e r ta in ty  o f  how c h e la t io n  e f f e c t s  
i n  the ca se  o f  the U anion co n tr ib u te  to  i t s  s t a b i l i t y .  The b e s t  
th a t  can be done i s  to  make p r e d ic t io n s  about pop ula tions in  one 
system  r e l a t i v e  to  the o th er .
More o f  the a n io n ic  s p e c ie s  o f  a c e ty la c e to n e  should be in  
the U form than the a n io n ic  s p e c ie s  o f  c rm eth y la c e ty la ce to n e .  
S i g n i f i c a n t l y  la r g e r  f r a c t io n s  o f  th e  anions o f  the crrnethyl compound 
may be the S and W forms because th ese  forms are p red ic ted  to  be 
more s t a b le  r e l a t i v e  to  the U form than in  the ca se  o f  a c e t y la c e to n e .  
The d i f f e r e n t  forms o f  the anions in  each system probably e q u i l ib r a t e  
by a cq u ir in g  and su b seq u en tly  lo s in g  a proton a f t e r  r o ta t io n  from 
one form to  another.
Table V shows th a t  the W and S forms o f  the e n o ls  o f  both  
compounds e s s e n t i a l l y  req u ire  the same amount o f  i o n i z a t io n  energy, 
w h ile  the U ch e la ted  form req u ires  co n s id era b ly  more i o n i z a t io n  energy.  
The h igh er  io n i z a t io n  energy o f  the c h e la te d  U en o l su g g e s ts  th a t  
b a s ic  s o lv e n ts  may be needed to  produce s i g n i f i c a n t  i o n i z a t io n  o f  
t h i s  form, although polar  s o lv e n ts  may be s u f f i c i e n t  to  promote 
i o n i z a t i o n  o f  th e  S and W forms. This concept o f  s o lv e n t  e f f e c t s  i s  
supported by th e  e l e c t r o n ic  ab sorp tion  spectrum o f  a c e t y la c e to n e 87 
which shows l i t t l e  s o lv e n t  e f f e c t  upon sw itch in g  from non -po lar  to
8 7 . B lo u t ,  E. R . , Eager, V. W., and Silverman, D. C . , J. Am. Chem. 
S o c . . 6 8 . 566  (19^6).
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p o la r  s o lv e n t s  or upon changing c o n c en tr a t io n  but red s h i f t s  
s i g n i f i c a n t l y  when the compound i s  d i s s o lv e d  in  b a s ic  s o lv e n t s ;  
the b a s ic  s o lv e n t  presumably causes  i o n i z a t i o n .  However, the  
sp e c tra  o f  c y c l i c  p -d ik e to n es ,  which cannot e x i s t  as ch e la te d  e n o ls ,  
undergo gradual red s h i f t s  upon in c r e a s in g  s o lv e n t  p o la r i t y  or  
d ecreas in g  the c o n c en tr a t io n ,  presumably because  o f  in c r e a s in g  
i o n iz a t io n .
M olecular O rb ita ls  and Charge D e n s i t ie s
In th is  s e c t io n  the m olecu lar  o r b i t a l s  and o r b i t a l  
en e rg ie s  o f  the few h ig h e s t  occupied  and low est  unoccupied o r b i t a l s  
o f  some o f  the system s fo r  which c a lc u la t io n s  were done w i l l  be 
g iven  and d is c u s se d .  The u l t im a te  g o a l  i s  to  c o r r e la t e  th e se  c a l ­
cu la te d  en e rg ie s  w ith  th e  p h o to e le c tr o n  sp e c tra  o f  some (3-d ik e to n es  
th a t  were obta ined  by Houk. 88  In  th o se  ca se s  in  which charge  
d e n s i t i e s  may be in fo rm a tiv e ,  th e se  charge d e n s i t i e s  w i l l  be g iv en  
and d is c u s s e d .  In g e n e r a l ,  both the CNDO/2 and CNDO/S c a lc u la t io n s  
gave r e s u l t s  fo r  most m olecu les  th a t  were e s s e n t i a l l y  the same.
Keto Forms
C a lcu la t io n s  fo r  a l l  k eto  forms o f  a l l  o f  the m olecu les  by 
means o f  both CNDO/2 and CNDO/S methods in d ic a te d  th a t  th e  four  
h ig h e s t  occupied o r b i t a l s  are  TT, TT, n, n i n  order o f  in c r e a s in g  energy.
The two low est  unoccupied o r b i t a l s  are  both TT’ s .  In  th e  ca se  o f
8 8 . Houk, K. N . , e t  a l . . o p . c i t .
t h e  90°  t w is t e d  form, th e  o r b i t a l s  w ere somewhat mixed but th e  same
order could be observed . I t  i s  a common p r a c t ic e  to c l a s s i f y  the
n o r b i t a l s  to  be symmetric or antisym m etric  (n and n ) w iths a
r e sp e c t  to  a plane o f  symmetry b i s e c t in g  the m olecu le  ( th e  C3HH 
p la n e ) .
The m o t iv a t io n  fo r  making c a lc u la t io n s  o f  the m olecular  
o r b i t a l s  o f  th e  k e to  form o f  th e s e  a c y c l i c  {3-diketones was to  be 
a b le  to  u se  th e se  m olecu les  as model system s fo r  c y c l i c  p -d ik e ton es  
( f i v e -  and six-membered r i n g s ) .  C a lc u la t io n s  fo r  th ese  r ing  
compounds had shown th a t  in  the five-membered r in g  the p red ic ted  
ordering o f  th e  n l e v e l s  was n > n , w h ile  th e  rev e r se  ordering
B. S
h e ld  in  th e  ca se  o f  th e  six-membered r i n g .89 An in t e r e s t i n g  fea tu re  
o f  the c a lc u la t io n s  th a t  were done on th e  a c y c l i c  {3-diketones which
.Co
are symmetric w ith  r e s p e c t  to  the n plane i s  th e  dependence o fii U
the n l e v e l  e n e r g ie s  on th e  c e n tr a l  an g le  0. In a l l  c a s e s ,  i t  was 
found th a t  n was s t a b i l i z e d  and n was d e s t a b i l i z e d  upon an in c r e a s e
3 S
o f  0. Only th e  r e s u l t s  fo r  th e  s im p le s t  system , propan ed ia l, w i l l
be p resen ted . Table VII and Figure 11 g iv e  the o r b i t a l  e n e rg ie s
o f  th e  n and n l e v e l s  as a fu n c t io n  o f  0. Only CNDO/2 r e s u l t s  
Si s
are g iven ; CNDO/S was not used fo r  t h i s  c a l c u la t io n .  The conformation  
th a t  was used was th e  W conform ation, because  t h i s  conform ation most 
c l o s e l y  s im u la tes  the geometry o f  the c y c l i c  0 -d ik e to n e s .  As the  
f ig u r e  shows, th e  two l e v e l s  a c t u a l l y  cro ss  near a c e n tr a l  an g le  o f
117.5 d e g rees .  Thus, a t  l e a s t  in  the ca se  o f  the W conform ation,
8 9 * Houk, K. N . , e t  a l . , op. c i t .
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TABLE V II
O rb ita l  Energies o f  n and n O rb ita ls  o f  Propanedial As a Function  
o f  Central Angle 6 (w Conformation)(CNDO/2)
Q (deerees) n O rb ita l  Energy ( h a r t r e e s ) n O rb ita l  Energy ( h a r t r e e s )
'cl &
115 - .5 1 3 9  - .5 1 6 2
117.5 - . 51M  - . 51^
120 - .  5 II4-8 - .5 1 2 7
12.2 .5  - .5 1 5 2  - .5 1 1 0
125 - .5 1 5 6  - . 509^
127 .5  - .5 1 5 8  - .5 0 7 8
130 - .5 1 6 0  - .5 0 6 2
TABLE V III
O rb ita l  E nergies o f  TT and n O rb ita ls  o f  D i f f e r e n t  Forms 
o f  A cety la ce to n e  Enol (CNDO/2 and CNDO/s)
Form O rb ita l  Energy O rb ita l  Energy
(CNDO/2)(eV's)* (CNDO/S) (eV*s)
n n n rr
w -9 -7 9 -9 .3 2 - 1 0 .03 -9 -5 1)-
U Unchelated - 9 .2 1 - 9 .2 8 - 9-61 - 9 M
U Chelated (Unsymmetric) -8 .6 3 -9 .3 8 - 9 - - 9 M
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Figure 11. O rbita l en erg ies  o f  na and rig o r b i ta l s  o f  propanedial W conformation as a fu n ction  of  
cen tra l angle  0 (CNDO/2).
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tht* symmetric n o r b i t a l  seenu; to be more s t a b le  a t  lower c e n tr a l  
a n g le s ,  and the antisym m etric  n o r b i t a l  seems to  be more s t a b le  a t  
h ig h er  c e n tr a l  a n g le s .  This angular dependence o f  s t a b i l i t y  might 
in  part account fo r  the reord erin g  o f  th e se  l e v e l s  upon sw itch in g  
from the f i v e -  to  th e  six-membered r in g , s in c e  the ang le  a t  the  
ce-carbon most probably in c r e a s e s  somewhat in  the la r g er  r in g .  Other 
conform ations o f  propan ed ia l showed th e  same trends o f  the n 
o r b i t a l  en erg ie s  as a fu n c t io n  o f  9 , a lthough the two l e v e l s  d id n ' t  
cro ss  one another.
Enol Forms
S ince  r e fe r e n c e s  a lrea d y  c i t e d 9 0 ’ 91 have shown th a t  a c e t y l ­
aceton e  i s  predominantly th e  c i s  en o l form both in  the pure l iq u id  
and i n  the gas phase, PES sp e c tra  obta ined  on a sample o f  a c e t y l ­
aceton e  v o l a t i l i z e d  from the pure l iq u id  s t a t e  should be th ose  o f  the  
c i s  e n o l .  The PES spectrum o f  a c e ty la c e to n e  i s  g iv en  and d isc u sse d  
in  Houk's paper . 92 The main fe a tu r e s  are two bands which appear 
a t  9*1-1 eV and 9*72 eV. An exam ination  o f  the  c a lc u la t io n s  done on 
the en o l forms o f  a c e t y la c e to n e ,  a -m eth y la c e ty la ce to n e ,  and propane­
d i a l  f a c i l i t a t e s  an assignm ent o f  th e se  bands.
In p r a c t i c a l l y  a l l  o f  th e  conform ations o f  un ch elated  en o ls  
o f  every  m olecu le , th e  c a lc u la t io n s  in d ic a t e  an o r b i t a l  ordering  o f
90. Conant, J. B . , and Thompson, A. F. J r . ,  op c i t .
91. B urdett, J . , and Rogers, M., J .  Am. Chem. S o c . .  8 6 , 2015 (19$+)*
92. Houk, K. N ., e t  a l .. op. c i t .
th e  two h ig h e s t  occupied  and two low est  unoccupied o r b i t a l s  th a t  
i s  n, TT, lTx, 1TX. This "TT over  n" orderin g  o f  the two h ig h e s t  
occupied  o r b i t a l s  has been used to  a s s ig n  the io n iz a t io n s  observed  
in  th e  PES sp e c tra  o f  th e  en o l forms o f  th e  c y c l i c  0 -d ik e to n e s ,  
which a r e ,  o f  cou rse , u n ch ela ted  because o f  t h e i r  geometry. Figure  
12 shows the trends in  the c a lc u la te d  e n e r g ie s  (CNDO/2) o f  the  
h ig h e s t  occupied  o r b i t a l s  as a p ro g ress io n  i s  made from the W form 
o f  the en o l o f  a c e ty la c e to n e  (which should most c l o s e l y  approximate  
th e  c y c l i c  0 -d ik e to n e  e n o ls )  to  th e  u n ch ela ted  U form to  the un­
symmetrical ch e la te d  U form to  the sym m etrical ch e la te d  U form. 
O rb ita l  e n e rg ie s  from both CNDO/2 and CNDO/S c a lc u la t io n s  are g iv en  
in  Table V III .
Upon changing from the W to the U un ch ela ted  form the n 
o r b i t a l  i s  d e s t a b i l i z e d ;  the d e s t a b i l i z a t i o n  r e s u l t s  from the c lo s e r  
approach o f  th e  two oxygens. During th e  same change th e  Tf occupied  
o r b i t a l  d e s t a b i l i z e s  on ly  s l i g h t l y .  In th e  U un ch ela ted  form both  
CNDO/2 and CNDO/S p r e d ic t  the n and the TT o r b i t a l s  to  be p r a c t i c a l l y  
d egen era te . Upon c h e la t io n ,  th e  n o r b i t a l  fu r th er  d e s t a b i l i z e s ,  
perhaps because o f  the e x te n s iv e  d e l o c a l i z a t i o n  onto both oxygens and 
the carbon s k e le t o n ,  e s p e c i a l l y  in  th e  sym m etrical s t r u c tu r e .  The 
TT o r b i t a l  d e s t a b i l i z e s  upon making the s t r u c tu r e  symmetrical somewhat 
more than i t  d id  in  the change from W to  u n ch ela ted  U. In the  
c h e la te d  forms, the hydrogen i s  p a r t i a l l y  d i s s o c ia t e d ,  and i t  i s  
lo c a te d  a lm ost halfw ay between th e  two oxygens in  th e  symmetrical  
form. This p a r t ia l  d i s s o c i a t i o n  i s  supported by th e  f a c t  th a t  
the p red ic ted  charge d e n s i ty  on the hydrogen d ecrea ses  s i g n i f i c a n t l y  
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Figure 12 . O rbita l en erg ies  o f  two h ig h es t  occupied o r b i ta l s  o f  d i f f e r e n t  conformations o f  a c e t y l -  
acetone enol (CNDO/2^.
wco
+ 0 .2 6  in  the unsymmetrical U ch e la ted  form to  +0 .32  in  the  
sym m etrical ch e la ted  U form. The ex tra  n eg a t iv e  charge i s  added to  
the r e s t  o f  the m olecu le  and tends to make the TT system  more a n io n ­
l i k e .  More im p ortan tly , the symmetric geometry o f  the symmetrical 
ch e la te d  enol adds to  the a n io n - l ik e  nature o f  t h i s  s tr u c tu r e .  
C a lcu la t io n s  for  th e  anion show e x te n s iv e  d e lo c a l i z a t i o n  and a 
s i g n i f i c a n t  d e s t a b i l i z a t i o n  o f  th e  IT system r e l a t i v e  to  th ose  o f  
the e n o l .  The n and the TT l e v e l s  a c t u a l l y  cro ss  during the change
from the W to the ch e la te d  U form, so th a t  now the p red ic ted
ordering o f  the two h ig h e s t  occupied  o r b i t a l s  i s  "n over Tt". Thus
the 9*11 eV io n i z a t io n  in  a c e ty la c e to n e  i s  a ss ig n ed  to  an n
o r b i t a l ,  and the 9-72 eV io n i z a t io n  i s  a ss ig n ed  to  a TT o r b i t a l .
The s p l i t t i n g  between th e  two l e v e l s  p red ic ted  by the CNDO/S c a lc u la ­
t io n s  i s  somewhat low and th a t  p red ic ted  by CNDO/2 c a lc u la t io n s  i s  
somewhat h igh  when compared to  th e  experim ental s p l i t t i n g .
Anions
The gen era l order o f  the four h ig h e s t  occupied and the
* *
two lo w est  unoccupied o r b i t a l s  in  |3-diketone anions i s  TT,n,n,TT,TT ,Tf . 
Both programs produce t h i s  ordering  for  a l l  planar forms (U, S, and 
w) excep t th a t  in  some cases  the low est energy and/or th e  h ig h e s t  
energy IT i s  rep laced  by a a o r b i t a l  as a r e s u l t  o f  CNDO/2 c a l c u la ­
t io n s ,  but th ese  replacem ents do not occur as a r e s u l t  o f  CNDO/S 
c a lc u la t io n s .  This d i f f e r e n c e  i s  not s u r p r is in g ,  because the  CNDO/S 
i s  a rep aram eter iza tion  o f  CNDO/2 to  le s s e n  th e  mixing o f  the a  and TT
m a n ifo ld s .  DeArmond and F o r s te r 93 c a lc u la te d  th e  f i v e  Tt o r b i t a l s
0 } © »0
o f  a ' ' »' system  w ith  the P n r iser -P a rr-P o p le  method; the
CV /c e ig en v ec to r s  r e s u l t in g  from th e  c a lc u la t io n s  reported  
here  fo r  propanedial anion  (U form) are n e a r ly  i d e n t i c a l  w ith  DeArmond 
and F o r s te r ' s  r e s u l t s .  The same s e t  o f  Tt o r b i t a l s  i s  e s s e n t i a l l y  
the same for  a c e ty la c e to n e  and a -m e th y la c e ty la c e to n e ,  excep t fo r  
some d e lo c a l i z a t i o n  onto a l l  o f  the m ethyl groups th a t  occurs in  
th ese  compounds. Hashimoto e t  a l . , 94 who used a com posite m olecu le  
approach, concluded th a t  the ground s t a t e  o f  t h i s  type o f  system  
should be one in  which most o f  the n e g a t iv e  charge o f  the 1T system  
should be lo c a te d  on the cr-carbon; c a lc u la t io n s  done in  t h is  work 
show th a t  the two oxygens carry most o f  th e  TT-electron d e n s i ty  as 
w e l l  as the  t o t a l  charge d e n s i ty ,  a lthough the arcarbon does carry  
s i g n i f i c a n t l y  more n e g a t iv e  charge than the o th er  carbon atoms.
This h igh  charge d e n s i t y  on th e  arcarbon agrees  w ith  F o r s te r 's  
e a r l i e r  c a l c u l a t i o n s . 95 R eaction  data which shows th a t  in  t h i s  type  
o f  system  e l e c t r o p h i l i c  r e a c t io n s  u s u a l ly  occur a t  th e  oxygens 
support the p r e d ic t io n  th a t  th ere  i s  a h igh er  t o t a l  charge d e n s i ty  
on the oxygens than on th e  or carbon. The t o t a l  charge d e n s i t i e s  
produced by CNDO/2 and CNDO/S c a lc u la t io n s  on the U form o f  a c e t y l ­
aceton e  anion are g iv en  in  Table IX. The two programs g iv e  s im i la r  
charge d e n s i t i e s .
93* DeArmond, K ., and F o r s ter ,  L . , Spcctrochim . A c ta , 19, 1393 (1963)*
9*1. Hashimoto, F . , e t  a l . . op. c i t .
95* F o r s te r ,  L . , J. Am. Chem. S oc . ,  8 6 , 3001 ( l 9 $ 0 *
TABLE IX
Charge D e n s i t ie s  o f  A cetv la ce to n e  Anion (U Form) 
( CNDO/2 and CNDO/S)
Atom Charge D en sity
CNDO/2 CNDO/S
O i - . 1+6 - .5 0
c2 + .2 6 + .1 9
C3 - .2 8 - .2 5
C4 - .  06 - . 01+
C 5 + .2 6 + .1 9
0 6 - . 1+6 - . 5 0
^7
VO01 - . 01+
He - . 0 7 - . o r
h 9 - .0 5 0 .0 0
H11 - .0 2 0 .0 0
Hl2 - .0 2 0 .0 0
H13 - .0 3 0 .0 0
H14 - .0 2 0 .0 0
Hi 5 - .0 2 0 .0 0
*
See Figure 1 fo r  the  numbering system .
K lo c tr o n lc  T ra n s it io n s  and P o t e n t ia l  Curves
In order to  ex p la in  Cheng's experim ental sp ec tra  o f  g~ 
d ik e to n e s , 00  CNDO/S t r a n s i t io n  en e rg ie s  and o s c i l l a t o r  s tr en g th s  
w i l l  be presented  in  t h i s  s e c t io n .  In  a d d it io n ,  anion p o t e n t ia l  
curves both fo r  g eo m etr ica l  transform ation s which s im u la te  con­
v e r s io n  from sp2  to  sp3  h y b r id iz a t io n  a t  the 3 - carbon and fo r  r o ta t io n  
around the C3 - C5 bond w i l l  be d is c u s se d  and c o r r e la te d  w ith  Cheng's  
experim ental sp ectra  in  the  n ex t s e c t io n .
Keto T ra n s it io n s
The c h a r a c t e r i s t i c s  o f  the t r a n s i t io n s  o f  th e  U, 90°> S, 
and W forms o f  both a -m eth y la ce ty la ce to n e  and a c e ty la c e to n e  were 
c a lc u la te d ,  and the r e s u l t s  were very s im i la r  to  one another in  a l l  
c a se s .  C a lcu la t io n s  were made for  the form th a t  has th e  c e n tr a l  
angle  which minimized th e  ground s t a t e  energy. Table X presen ts  
the low est energy s i n g l e t - s i n g l e t  t r a n s i t i o n s  o f  the  U form o f  
a c e ty la c e to n e  k eto  s tr u c tu r e  as an example o f  th e s e  system s. The 
t r a n s i t io n  e n e r g ie s ,  o s c i l l a t o r  s tr e n g th s ,  and primary components 
o f  each t r a n s i t i o n  are g iv e n .
The two low est  energy s i n g l e t - s i n g l e t  t r a n s i t io n s  (n-*TT and 
n-*a) are p red ic ted  to  have approxim ately  th e  same energy as th a t  o f  
the  p red ic ted  low est  energy n-4F t r a n s i t i o n  o f  formaldehyde and 
a c e to n e .  This c o r r e la t io n  in d ic a t e s  th a t  th e se  two t r a n s i t i o n s  should  
occur approxim ately a t  the same energy as th a t  o f  the n-*Tf t r a n s i t i o n
y6 . Cheng, L. T . , op. c i t .
TABLE X
P red ic ted  S i n g l e t - S i n g l e t  T ra n s it io n s  o f  U 
Keto Form o f  A c ety la ce to n e
T ra n s it io n Energy( cm 1 ) 4(nm) Os. S t . Primary Comr
So Si 24 370 4 1 0 .3 0 .0 0 0 0 0 n -» tt
So S2 25 020 399-7 0 .0 0 0 0 0 n -> a
So S3 56  900 175-8 0 .0 0 0 0 8 n -» tt
So S4 57 770 173-1 0 .0 0 0 5 1 n -» a
So S5 65 370 1 5 3 .0 0 .1 5 7 1 3 n -» a
So S9 74 250 13^.7 0 .0 0 1 2 2 tt -» n
TABLE XI
Lowest Energy T r a n s it io n s  o f  Enol Forms o f  
A c ety la ce to n e  and a '-M ethvlacetvlacetone
S i n g l e t - S i n g l e t
T ra n s it io n s
S in g le t - T r ip le t
T ra n s it io n s
*
Form and Crapd. \(nm) Energy(cm M 0 s .  S t . \(nm) Energy(cm
U Chelated Sym. 
AcAc
2 6 1 .6 38  230 . 166 3 6 5 .2 27 380
o' MeAcAc 2 7 6 .2 36  200 .158 4 0 1 .3 24 920
U Chelated Unsym* 
AcAc
2 3 9 .6 h-l 74o . 166 4 2 2 .0 23 700
ot- MeAcAc 2 5 3 .2 3 9  500 •155 4 6 5 .2 21  500
U Unchelated  
AcAc
2 2 3 .6 720 .2 0 1 507 .3 19 7 1 0
a-MeAcAc 2 3 2 .2 43  070 .187 553-5 18 C70
S AcAc 2 1 ^ -3 46  670 •371 5 2 4 .8 19 050
S a'-MeAcAc 222 .3 44 990 .351 573-3 17 440
W AcAc 2 1 5 .1 46  490 • 394 5 2 5 .6 19 020
W cv-MeAcAc 2 2 5 .2 44 400 .363 575-3
0COrH
* AcAc = a c e ty la c e to n e ; cv-MeAcAc = a -M eth y la ce ty la ce to n e .
in acetone (about 280 nm). The p red ic ted  o s c i l l a t o r  s tren g th s  o f  
both o f  th ese  t r a n s i t io n s  are q u ite  low. The next low est s i n g l e t -  
s i n g l e t  t r a n s i t io n  i s  a l s o  an n-*TT, and i t  i s  p red ic ted  to be in  
the vacuum UV. The low est energy IT—*TT t r a n s i t i o n  should occur a t  135 
nm. Thus, i f  the ab sorp tion  spectrum o f  the pure k eto  form could be 
observed, i t  should be q u ite  s im i la r  to  th a t  o f  aceton e  and should  
have r e l a t i v e l y  weak n-*Tf and n-*a t r a n s i t io n s  about 280  nm and 
s tro n g er  n-*]T, n-*a, and TMT t r a n s i t io n s  below 200  nm. The low est  
s i n g l e t - t r i p l e t  t r a n s i t io n  i s  probably n-»TT. I t  i s  probably  
lo ca ted  a t  wavelengths g r ea ter  than kOO nm (th e  aceton e  n-*TT 
s i n g l e t - t r i p l e t  t r a n s i t io n  ( v e r t i c a l  t r a n s i t i o n )  i s  a t  a w avelength  
g r ea ter  than kOO nm). The low est energy TT—*11 s i n g l e t - t r i p l e t  
t r a n s i t io n  i s  p red ic ted  to  occur a t  2^0  nm.
Enol T ra n s it io n s
In the case  o f  a l l  o f  th e  forms o f  the var iou s  p -d ik e to n es ,  
th ere  are p red ic ted  one or two very low energy n-*TT t r a n s i t i o n s ;  the  
p red ic ted  wavelength o f  th ese  t r a n s i t io n s  i s  u s u a l ly  near kOO nm.
They are p red ic ted  to  be q u ite  weak, and to  have o s c i l l a t o r  s tren g th s  
o f  the order o f  10 5 . Thus, s in c e  th e  s tron g  TT—♦TT t r a n s i t i o n s  o f  the  
en o l forms occur a t  w avelengths g r e a te r  than 2 00 nm and the n-*TT 
t r a n s i t io n s  probably occur near 280  nm, the probable r e s u l t  i s  th a t  
the n-»Tf t r a n s i t i o n s ,  i f  they are observab le  a t  a l l ,  w i l l  be ob servab le  
on ly  as shoulders on the strong  THlT t r a n s i t i o n s .  T herefore , the  
n-*TT t r a n s i t io n s  o f  the en o ls  w i l l  not be d isc u sse d  fu rth er  even  
though they may be the low est energy s i n g l e t - s i n g l e t  t r a n s i t i o n s  o f  
some o f  th ese  system s. S in ce  TT—♦TT s i n g l e t - t r i p l e t  s p l i t s  ( th e
energy sep a ra t io n  between the s i n g l e t  and t r i p l e t  which a r i s e  from 
the same c o n f ig u r a t io n )  are  u s u a l ly  much la rg er  than n-»TT s i n g l e t -  
t r i p l e t  s p l i t s  and th e  n-<fT and Tf—*TT s i n g l e t - s i n g l e t  t r a n s i t i o n s  o f  
the en o ls  are in  th e  same r e g io n ,  the THT s i n g l e t - t r i p l e t  t r a n s i t i o n  
i s  probably the low est  energy s i n g l e t - t r i p l e t  t r a n s i t io n  o f  a l l  o f  
the e n o ls .
A l l  o f  th e  en o ls  show a p red ic ted  s tron g  THT t r a n s i t io n  in  
the 220-270 nm range. Table XI l i s t s  th e  t r a n s i t i o n  e n e r g ie s ,  
w avelen gths, and o s c i l l a t o r  s tr en g th s  o f  the low est TT—»7T s i n g l e t -  
s i n g l e t  and s i n g l e t - t r i p l e t  t r a n s i t i o n s  o f  a l l  o f  the enol forms o f  
a l l  o f  the m olecu les  fo r  which c a lc u la t io n s  were made. In a d d it io n  
to  the TT—*TT t r a n s i t io n s  l i s t e d  in  Table XI, th ere  i s  another s tron g  
THT t r a n s i t i o n  o f  a l l  o f  th ese  e n o ls  below 200 nm. The most s t r ik in g  
r e s u l t s  in  Table XI are  th e  p red ic ted  red s h i f t  o f  the s i n g l e t -  
s i n g l e t  t r a n s i t io n  and b lu e  s h i f t  o f  th e  s i n g l e t - t r i p l e t  t r a n s i t i o n  
upon c h e la t io n  and the in c r e a s e  in  o s c i l l a t o r  s tr en g th s  o f  th e  S 
and W forms compared w ith  th e  U forms.
Anion T ra n s it io n s  and P o t e n t ia l  Curves
Curves o f  th e  e l e c t r o n i c  p o t e n t ia l  energy o f  th e  ground 
and f i r s t  e x c i t e d  s t a t e  o f  a c e t y la c e to n e  anion as a fu n c t io n  o f  a 
change in  geometry chosen to  s im u la te  r e h y b r id iz a t io n  o f  the 3 " 
carbon from sp2  to  sp3  were c a lc u la te d  in  order to  t e s t  Cheng's 
h y p o th es is  th a t  the geom etries  c h a r a c t e r i s t i c  o f  th ese  d i f f e r e n t  
h y b r id iz a t io n s  g iv e  r i s e  to  two s t a b le  forms o f  the anion in  
s o lu t io n .  The changes in  geometry which were used to  s im u la te  t h i s
r e h y b r id iz a t io n  were d is c u s se d  in  the S tru ctu res  and Geometries 
s e c t io n .  The CNDO/2 method was used to  generate  th e  ground s t a t e  
p o t e n t ia l  curve, and the CNDO/S method was used to  o b ta in  the  
t r a n s i t io n  e n e rg ie s  n ecessa ry  to  gen erate  the p o t e n t ia l  curve o f  
the lo w est  energy TTfT e x c i t e d  s t a t e .  A r e s u l t  s im i la r  to  th ose  o f  
the k e to  and en o l  forms was obtained; two low energy n-*TT or n-*a 
t r a n s i t io n s  th at most probably occur about 280  nm were produced 
by the c a lc u la t io n .  These t r a n s i t io n s  were not observed except  
p o s s ib ly  as shou ld ers  on th e  s trong  TT—*TT t r a n s i t io n s  o f  the anions  
th a t  were p red ic ted  and were observed i n  t h i s  reg io n . However, 
the d i s t o r t io n s  o f  th e  m olecu le  away from a planar geometry does 
mix nTf s t a t e s  w ith  the TTfT s t a t e s .  This mixing a f f e c t s  the TfTT 
e n e rg ie s  so  th a t  th e  r e s u l t s  may be in  part due to  an a r t i f a c t  o f  
the  c a l c u la t io n s .  However, the r e s u l t s  are q u a l i t a t i v e l y  the same 
b efo re  and a f t e r  c o n f ig u r a t io n  in t e r a c t io n .
I t  should be kept in  mind th a t  the n ecessary  g eom etr ica l  
changes to  transform  a m olecu le  from sp2  to  sp3 h y b r id iz a t io n  are  
on ly  e s t im a te s  o f  th e  g eo m etr ica l  changes th a t  would be invo lved ;  
the magnitudes o f  th ese  changes th a t  are forced upon the m olecule  
may not be c o r r e c t .  I t  i s  c e r t a in ly  p o s s ib le  th a t  the use  o f  
d i f f e r e n t  magnitudes fo r  th ese  changes could r e s u l t  in  d i f f e r e n t  
p o t e n t ia l  curves and, perhaps, could a l t e r  the co n c lu s io n s  which w i l l  
be made in  the next s e c t io n .  Thus, i t  must be s ta te d  th a t  th ese  
r e s u l t s  can n e i th e r  prove nor d isp rove  Cheng's id eas  concerning t h i s  
r e h y b r id iz a t io n  but can on ly  g iv e  c lu e s  about the reasonab len ess  
o f  th ese  id e a s .  The coord in ate  along the a b s c is s a  o f  Figure 13>
which g iv e s  the ground and f i r s t  e x c i t e d  s t a t e s  ( s i n g l e t  and t r i p l e t )  
o f  the anion , i s  a g e n e ra l ize d  coord in ate  which rep resen ts  the 
gradual change from sp2 (o )  to sp ' 1 ( h ) h y b r id iz a t io n  a t  the 3 - 
carbon. The a c tu a l  changes and magnitudes are g iv en  in  the S tru ctu res  
and Geometries s e c t io n .
The ground s t a t e  has a double minimum, which in d ic a te s  
th at two p o s s ib le  s t a b le  conformations o f  the anion are p o s s ib le .
One minimum i s  the planar sp2  conform ation, and the o th er  i s  a 
p o s i t io n  in term ed ia te  between sp2  and sp3 . However, the 12.3 k c a l /  
mole b a r r ier  between th e  two s t a b le  forms may h inder in te r c o n v e r s io n  
o f  the two forms in  the ground s t a t e  a t  low tem peratures. The 
e x c i t e d  s i n g l e t  and t r i p l e t  p o t e n t ia l  curves have e s s e n t i a l l y  the  
same form c a lc u la te d  fo r  the ground s t a t e  p o t e n t ia l  curve. The 
b a r r ier  between the two s t a b le  forms i s  i l l . 8 k ca l/m ole  in  th e  
e x c i t e d  s i n g l e t  s t a t e  and 12-3 k ca l/m o le  in  the t r i p l e t  s t a t e .  Thus, 
t h i s  model o f  the a c e ty la c e to n e  anion a t  l e a s t  a l lo w s  fo r  the  
p o s s i b i l i t y  o f  more than one s t a b le  form. Table XII g iv e s  the  
p red ic ted  low est energy TMT s i n g l e t - s i n g l e t  and s i n g l e t - t r i p l e t  
t r a n s i t io n s  o f  the d i f f e r e n t  forms which compose th e  s e t  o f  s tr u c tu r e s  
for  which p o t e n t ia l  curves are d ep ic ted  in  Figure 13- O s c i l la t o r  
s tr en g th s  are in c lu d ed .
Another model which was thought to  have c o n s id era b le  
promise for exp lan ation s  o f  more than one s t a b le  anion was the c i s -  
trans isomerism model. This id ea  assumes th a t  r o ta t io n  about the  
C3 - C5 bond can r e s u l t  i n  more than one s t a b le  form o f  the anion;  























Figure ljj. P o t e n t ia l  curves for  transform ation  from sp2 to  sp''
h y b r id iz a t io n  a t  the arcarbon o f  a c e ty la c e to n e  anion .
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TABLE X II
P red ic ted  rr»n T ra n s it io n  Energies o f  Various Interm ediate  
spg -sp 3 Forms o f  A cety la ce to n e  Anion
S in g l e t - S i n g l e t  T ra n s it io n s S in g le t - T r ip le tT ra n s it io n s
Form 7(nm) Energy(cm 1 ) Os. S t . 7(nm) Energy(cm
0  ( s p2 ) 2 6 8 .8 37  210 •159 >1-2 0 .7 23 770
1 2 6 2 .6 38  080 . 117 720 .7 25 790
2 2 7 0 .5 37 000 .1 2 6 7 2 1 .7 25 7 20
3 2 7 7 .2 36  760 .088 7 2 3 -9 23 590
7 ( s p 3 ) 2 7 8 .0 35 970 .033 7 1 8 .6 23 8 9 O
form s). I t  was recognized  that, there might be a high b a r r ier  
hin dering  th is  r o ta t io n  in  th e  ground s t a t e  because the C3 - C5 
bond i s  p a r t i a l l y  conjugated , but i t  was f e l t  that th ere  might be a 
much lower b a r r ie r  in  the e x c i t e d  s t a t e  (c o n s id er  e th y le n e ,  in  which  
the 90°  conformation i s  th e  most s t a b le  form in  the e x c i t e d  s t a t e ) .
A low e x c i t e d  s t a t e  p o t e n t ia l  b a r r ier  would be c o n s i s t e n t  w ith  Cheng's 
o b serv a t io n  o f  m u lt ip le  em ission s  o f  th ese  compounds which provide  
evidence  fo r  m u lt ip le  forms o f  the an ion . T herefore , curves o f  
p o t e n t ia l  as a fu n c t io n  o f  ang le  o f  r o ta t io n  about t h is  C3 - C5 bond 
were c a lc u la te d  fo r  the anions o f  propaned ia l, a c e ty la c e to n e ,  and 
a rm eth y la ce ty la ceto n e . Once aga in  the CNDO/2 method was used to  
c a lc u la t e  the ground s t a t e  curves , and the CNDO/S method was used  
to  c a lc u la t e  th e  t r a n s i t i o n  e n e rg ie s  th a t  were used to  generate  the  
e x c i t e d  s t a t e  p o t e n t ia l  cu rves . For reasons p r e v io u s ly  s ta te d  
the two low energy n-*TT t r a n s i t i o n s  were not considered; on ly  the TTTf 
s t a t e  p o t e n t ia l  curves w i l l  be g iv en . I t  should be po in ted  out,  
however, th a t  t w is t in g  around the C3 - C5 bond s i g n i f i c a n t l y  mixes 
the n-nTf and Tf—»TT typ es  o f  t r a n s i t io n s  in  th e  c o n f ig u r a t io n  in t e r a c t io n .  
T herefore , the e x c it e d  s t a t e  shown in  th e  p o t e n t ia l  curves has 
predominantly TtlT ch a ra cter .  The n-»TT mixing was f i r s t  thought to  be 
s tr o n g ly  a f f e c t in g  the TT—»7T t r a n s i t io n  e n e rg ie s  in  an erroneous  
manner because the n->Tf e n e r g ie s  are o b v io u s ly  not c o r r e c t ,  but i t  
was found th a t  the TT-TT e n e rg ie s  b e fo re  and a f t e r  c o n f ig u ra t io n  
in t e r a c t io n  were e s s e n t i a l l y  the same. Therefore , t h i s  n-*Tf 
"contamination" o f  the TT—*Tf t r a n s i t io n s  o f  the tw is te d  conform ations  
should not s i g n i f i c a n t l y  a f f e c t  the p r e d ic t io n s ,  although i t  i s  not  
c e r t a in  how much the p r e d ic t io n s  would have been changed i f  the
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n—*TI e n e r g ie s  had been p red ic ted  c o r r e c t ly .  However, i t  i s  known 
th at the n-»fT t r a n s i t io n s  p r im ar ily  a f f e c t  the en erg ie s  o f  the o th er  
n->TT t r a n s i t io n s  and t r a n s i t io n s  th a t  in v o lv e  a o r b i t a l s ;  thus the  
p red ic ted  TT-*TT e n e r g ie s  probably would n ot have been a f f e c t e d  
s i g n i f i c a n t l y  even i f  e n e rg ie s  o f  th e  n-*TT t r a n s i t io n s  had been 
c o r r e c t ly  p red ic te d .
F igures 1^, 15» and 16 show the p o t e n t ia l  curves o f  the  
ground s t a t e ,  f i r s t  e x c i t e d  TlTT t r i p l e t  s t a t e ,  and f i r s t  e x c i t e d  HTT 
s i n g l e t  s t a t e  o f  propanedia l anion , a c e ty la c e to n e  anion , and a  - 
m e th y la ce ty la ce to n e  an ion  as a fu n c t io n  o f  th e  d ih ed ra l ang le  between  
the two carb on y ls ,  0 .  Note the s i m i l a r i t y  in  the p o t e n t ia l  curves  
o f  th e  th re e  compounds. As p red ic te d ,  the ground s t a t e s  show a 
r a th er  la rg e  p o t e n t ia l  b a r r ie r  to  r o ta t io n  near the  90°  conform ation, 
and th ere  are minima a t  both planar conform ations. The b a r r ier  in  
th e  ca se  o f  propanedial i s  25*2  k ca l /m o le ,  in  th a t  o f  a c e ty la c e to n e  
2k . 6  k c a l /m o le ,  and i n  th a t  o f  orm eth y la ce ty la ceto n e  2 0 .5  k ca l/m o le .
The h e ig h t  o f  t h i s  b a r r ie r  may s e r io u s ly  h inder in te r c o n v e r s io n  
between the two planar forms in  th e  ground s t a t e  a t  room temperature  
and below. The p o t e n t ia l  curves for  the t r i p l e t  s t a t e s  are very  
s im i la r  to  the ground s t a t e  p o t e n t ia l  cu rves . A l l  o f  th ese  t r i p l e t  
s t a t e  p o t e n t ia l  curves have minima a t  or near both planar conformations  
and have r e l a t i v e l y  h igh  energy b a r r ier s  near the 90°  conform ations.  
The b a r r ie r  h e ig h ts  in  the t r i p l e t  s t a t e s  are s l i g h t l y  l e s s  than 
th ose  o f  the corresponding ground s t a t e s ;  th ese  h e ig h ts  are 2 0 .2  
k c a l/m o le  in  the ca se  o f  propaned ia l, 1 J . k  kca l/m ole  in  the case  o f  
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F igu re  1 -̂. Ground s t a t e ,  f i r s t  e x c i t e d  t r i p l e t  TTTT s t a t e ,  and f i r s t
e x c i t e d  s i n g l e t  THT s t a t e  o f  p ro p a n ed ia l  an io n  as  a
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15 . Ground s t a t e ,  f i r s t  e x c i t e d  t r i p l e t  TTTT s t a t e ,  and f i r s t
e x c i t e d  s i n g l e t  T lT f s t a t e  o f  a c e t y l a c e t o n e  an io n  as  a
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16.  Ground s t a t e ,  f i r s t  e x c i t e d  t r i p l e t  TtTT s t a t e ,  and f i r s t
e x c i t e d  s i n g l e t  TTTT s t a t e  o f  a-methy Lacety i ace  tone an ion
as  a f u n c t i o n  o f  d i h e d r a l  a n g le  0 .
In c o n tr a s t , the e x c ite d  s in g le t  s t a t e  p o te n t ia l  curve o f  a l l  th ree  
compounds i s  p r a c t ic a l ly  f l a t  as a fu n ctio n  o f  r o ta t io n  a n g le  0 .
Thus, r o ta t io n  i.s much more l ik e ly  in  the f i r s t  e x c ite d  s in g le t  
s t a t e  o f  th ese  compounds than in  e i th e r  th e ground s t a t e  or the  
f i r s t  e x c ite d  t r i p l e t  s t a t e .  F igure 1J  shows an expanded diagram  
o f  a l l  th ree  e x c ite d  s in g le t  s t a t e s  in  which d e t a i l s  o f  th e se  curves  
can be c le a r ly  see n . A gain, th e most im portant fe a tu re s  in  th e  
curves o f  a l l  th ree  compounds are s im ila r . In each ca se  th e  
d eep est minimum corresponds to  a tw is te d  form in  which the d ih ed ra l  
an g le  between th e  two carbonyls i s  c lo s e  to  120 d eg rees . Shallow  
minima occur a t  or near th e two planar conform ations, a lthough  
in  the c a se  o f  propan ed ial th e minimum a t  th e S conform ation i s  
ra th er  deep compared w ith  th o se  o f  th e  o th er  two compounds. There 
i s  a ls o  ev id ence fo r  another p o s s ib le  minimum a t  a tw is t  a n g le  o f  
about 75 d e g r ee s . Thus th ere  are d e f in i t e ly  two, probably th r e e ,  
and p o s s ib ly  four minima in  th e p o te n t ia l  curves o f  th e  f i r s t  
e x c ite d  TTTT s in g le t  s t a t e  o f  th ese  p -d ik eto n es th a t occur a t  d i f f e r e n t  
an g les  o f  r o ta t io n  about the C3 - C5 bond.
A lthough th e  curves o f  th e  d i f f e r e n t  compounds o f  th is  
e x c ite d  s in g le t  s t a t e  are s im ila r , th ere  are some d if f e r e n c e s .  A lready  
m entioned was the deeper minimum o f  the p o te n t ia l  curve o f  propaned ial 
a t  the S conform ation r e la t iv e  to  th e  minima o f  the p o t e n t ia l  curves 
o f the o th er  two compounds. I t  i s  a ls o  ev id en t from F igure 17 
th a t propanedial i s  the on ly  one o f  th e  th ree  compounds which shows 
a d e f in i t e  minimum near 75 d eg rees , although th e  o th er  two compounds 
have sh ou ld ers in  th is  r eg io n . The most im portant d if fe r e n c e s  fo r  
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Figure  17. F i r s t  e x c i t e d  s i n g l e t  THT s t a t e  o f  prop an ed ia l  (+ ) ,  a c e t y l  ­
a c e to n e  (x ) ,  and Q t-m eth y lace ty lace ton c  ( • )  an ions  as a
f u n c t i o n  o f  d i h e d r a l  a n g le  0 .
a rm o th y la ce ty la ce to n e , s in c e  i t  i s  th ese  compounds the e le c tr o n ic  
sp ec tra  o f  which have been measured. The e le c tr o n ic  sp e c tra  o f  
propaned ial have n o t been observed . T h erefore, on ly  a c e ty la c e to n e  
and crm eth y la cety la ce to n e  w i l l  be d isc u sse d  h e r e a f te r .
The crm ethyl compound does not show as s ta b le  a minimum 
near th e  planar c i s  form as th a t o f  a c e ty la c e to n e . The n ea r-p lan ar  
minimum fo r  crm eth y la cety la ce to n e  i s  a c tu a l ly  between 0 and 15 
d eg rees , and th e b a r r ie r  between t h is  minimum and th e  most s ta b le  
minimum a t  120 d egrees i s  about o n e - f i f t h  th a t o f  a c e ty la c e to n e .
T his b a r r ie r  in  th e  ca se  o f  a c e ty la c e to n e  i s  1.5  k ca l/m o le  and i s  in  
the ca se  o f  c rm eth y la cety la ce to n e  0.27  k c a l/m o le . The s i z e  o f  
th is  b a r r ier  i s  sm all enough to  perm it r o ta t io n  in  both compounds, 
although r o ta t io n  should be more l ik e ly  in  crm eth y la cety la ce to n e  
because o f  i t s  sm a ller  b a r r ie r . At room tem perature the d if fe r e n c e  
between th ese  b a r r ie r s  i s  in s ig n i f ic a n t  s in c e  both are so sm all;  
however, a t  l iq u id  n itro g e n  tem perature the 1 .5  k ca l/m o le  b a r r ie r  
may be s u f f i c i e n t  to  h in d er r o ta t io n  during the l i f e t im e  o f  the  
e x c ite d  s in g le t  s t a t e ,  w h ile  th e 0 .27  k ca l/m o le  b a r r ie r  i s  most 
probably n o t . In  a d d it io n , in  th e  ca se  o f  crm eth y la cety la ce to n e  
th e minimum near 120 degrees i s  deeper r e la t iv e  to  i t s  U form than  
i s  th e minimum o f  a c e ty la c e to n e  r e la t iv e  to  i t s  U form. A lso , the  
planar tran s minimum o f  th e  cv-methyl compound i s  n o t as com p lete ly  
formed ( i t  i s  more o f  a f l a t  maximum) as th a t o f  a c e ty la c e to n e . A ll  
o f  th is  ev id ence in d ic a te s  th a t the o'-methyl compound i s  l e s s  l i k e l y  
to  e x i s t  in  any o th er  form than th e 120 degree tw is te d  most s ta b le  
form than i s  a c e ty la c e to n e .
T ra n sit io n  en erg ie s  and o s c i l l a t o r  s tr e n g th s  o f  th e  
low est energy 'fMT s i n g l e t - s i n g l e t  t r a n s it io n  o f  the p lanar c i s  ( u ) ,  
planar trans ( s ) ,  W form, and most s ta b le  tw is te d  conform ation  o f  
the e x c ite d  s in g le t  s t a t e  (115° in  th e  c a se  o f  a c e ty la c e to n e  and 120° 
in  the ca se  o f  a -m eth y la c e ty la ce to n e ) o f  a c e ty la c e to n e  and o'-m ethyl- 
a c e ty la c e to n e  are g iv en  in  Table X III . The most s ta b le  tw is te d  form 
i s  in clu d ed  because i t  i s  th is  conform ation  th e  t r a n s i t io n  energy  
o f  which may correspond to  f lu o r e sc e n c e  e n e r g ie s  in  th e experim ental 
sp e c tr a . In a d d it io n , the near p lanar ( l 5° )  form o f  crm eth yl­
a c e ty la c e to n e  i s  a ls o  in clu d ed  because t h is  conform ation  might 
a ls o  f lu o r e s c e .
Table XIV g iv e s  th e e n e r g ie s  o f  th e s i n g l e t - t r i p l e t  
tr a n s it io n s  o f  th e s ta b le  conform ations o f  th e lo w est TTTT t r i p l e t  
s t a t e s  o f  a c e ty la c e to n e  and c rm eth y la c e ty la ce to n e . These most 
s ta b le  forms are th e ones th e phosphorescences o f  which m ight be 
o b serv a b le . In th e ca se  o f  both a c e ty la c e to n e  and c r m eth y la c e ty l-  
aceton e the two s ta b le  forms are th e p lan ar conform ations U and S.
In a d d it io n , the s i n g l e t - t r i p l e t  e n e r g ie s  o f  th e  W conform ation o f  
both compounds are g iv e n .
These c a lc u la t io n s  produce four p o s s ib le  f lu o r e sc e n c e s  
(u, 115°, S, and W) and th ree  p o s s ib le  phosphorescences (u, S, and 
w) in  the ca se  o f  th e a c e ty la c e to n e  an ion . In th e  ca se  o f  cr 
m eth y la ce ty la c e to n e , th ere  are th ree  p o s s ib le  f lu o r e sc e n c e s  ( l5 °*
S, and W) and th ree  p o s s ib le  phosphorescences (u, S, and W). These  
co n c lu s io n s  are based on the assum ption th a t th e se  em issio n s  always 
occur from m olecu les rep resen ted  by th e minima in  th e e x c ite d  s t a t e
TABLE X I I I
10<
A c ety la ce to n e  and a -M eth v la ce tv la ceto n e  (CNDO/S)
Form and Compound Energy(cm 1 ) X(nm)
AcAc U 37 210 2 6 8 .8
qA cA c U 35 670 280. *1-
qA cA c 15° 35 180 28i<-.3
AcAc S 38 630 25 8 .9
qA cA c S 37 330 267 .9
AcAc 115° 30  350 329 .^
oAcAc 120'° 29 860 33b .  9
AcAc W 37 970 26 3 .3
oAcAc W 36 630
TABLE XIV
273-0
S in g le t - T r io le t  T r a n s it io n  E nergies o f  Anions o f
A c e ty la ce to n e  and cv-M ethvlacetv lacetone (CNDO/s)
Form and
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AcAc = a c e ty la c e to n e , oAcAc = a -m eth y la ce ty la ce to n e
p o te n t ia l  curve; th is  assum ption u su a lly  h o ld s . The W form o f  each  
compound cannot s t r i c t l y  be c a l le d  a s ta b le  form, because p o te n t ia l  
curves fo r  changes in  geom etry th a t would cause the t r a n s it io n  from  
e ith e r  th e  U or S form to  th e  W form were not c a lc u la te d . I t  i s  
f e l t ,  however, th a t a l l  p o s s ib le  g eo m etr ica l tran sform ation s  
between th e  W form and th e U form would lea d  to  an energy b a r r ie r  
between the two, and thus th e  W form could  be con sid ered  to  be 
another s ta b le  form.
A fte r  th ese  minima in  th e e x c ite d  s t a t e  p o t e n t ia l  curves
o f  energy versu s th e  d ih ed ra l a n g le  0 were found, th e s t a b i l i t y
o f  the e x c ite d  s t a t e  o f  th e se  conform ations as a fu n c tio n  o f  th e  
c e n tr a l a n g le  8 was c a lc u la te d . This c a lc u la t io n  was done o n ly  in  
the ca se  o f  a c e ty la c e to n e  because o f  tim e r e s t r ic t io n s ,  but th e r e ­
s u l t s  fo r  crm eth y la cety la ce to n e  should be s im ila r .  The p o te n t ia l  
curves o f  th e  s in g le t  e x c ite d  s t a t e s  (conform ations U, S, and 115° )  
in  which energy i s  shown as a fu n c tio n  o f  0 are g iv en  in  F igure 18 . 
Figure 19 shows the p o t e n t ia l  curves o f  th e t r i p l e t  s t a t e s  (u and S ) .  
As b e fo r e , the CNDO/2  method was used to  o b ta in  th e  ground s t a t e  
cu rv es , and th e CNDO/S method was used to  o b ta in  the t r a n s it io n  
e n e rg ie s  which were used to  co n str u c t th e  e x c ite d  s t a t e  cu rves.
C onsider f i r s t  th e  s in g le t  e x c ite d  s t a t e s .  The U form has
a minimum energy a t  the same va lu e  o f  0 as th e  ground s t a t e ,  127
d eg rees . The S form shows an energy minimum a t  a s l i g h t l y  la r g e r  
a n g le , 129 d eg rees . The 115°  conform ation o f  th e e x c ite d  s in g le t  
shows in t e r e s t in g  behavior; the most s ta b le  form has an a n g le  o f  127 
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Figure 18. S i n g l e t  e x c i t e d  TITT s t a t e  e n e r g i e s  o f  a c e t y l a c e t o n e  an ion s
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Figure  19. T r i p l e t  e x c i t e d  TTTT s t a t e  e n e r g i e s  o f  a c e t y l a c e t o n e  anion
as  a f u n c t i o n  o f  c e n t r a l  a n g le  0.
113
I t  i s  p o s s ib le  th a t th ese  secondary minima are a r t i f a c t s  o f  the  
c a lc u la t io n , but even i f  th ese  secondary minima e x i s t ,  th e d eep est  
minimum i s  a t  127 d eg rees . I f  f lu o r e sc e n c e  d id  occur from th ese  
secondary minima, i t  i s  h ig h ly  im probable th a t i t  would be observed  
as sep a ra te  em issio n  independent o f  th a t  o f  th e  127 degree co n fo r ­
m ation; th e  p red ic ted  t r a n s it io n  e n e rg ie s  fo r  t r a n s it io n s  from a l l  
th ree  minima are n e a r ly  id e n t ic a l .
The t r i p l e t  s t a t e s  o f  both  th e  U and S forms o f  th e anion  
have a minimum energy a t  129 d e g r ee s . Table XV g iv e s  th e p red ic ted  
t r a n s it io n  e n e rg ie s  o f  th o se  forms which have been energy-m inim ized  
w ith  r e sp e c t  to  th e c e n tr a l an g le  0 . Note th a t the refin em en t o f  
m inim izing the e x c ite d  s t a t e s  w ith  r e sp e c t  to  th e c e n tr a l an g le  
s h if t e d  th e t r a n s it io n  e n e rg ie s  o n ly  s l i g h t l y ;  fo r  t h is  reason  i t  
was d ecided  n o t to  extend  th is  treatm ent to  cv -m eth y lacety laceton e.
One l a s t  refin em en t was attem pted in  order to  f in d  th e most 
s ta b le  geom etry o f  th e 115° tw is te d  form o f  th e  e x c ite d  s in g le t  
s t a t e .  Again th is  c a lc u la t io n  was done on ly  in  the ca se  o f  a c e t y l -  
a ce to n e . I t  was thought th a t s in c e  th e  m olecu le  was a lrea d y  
tw is te d , a fu r th er  s t a b i l i z a t io n  could  be made by moving th e hydrogen  
atta ch ed  to  the 3 -c a r bon out o f  th e  p lane o f  the u n tw isted  part o f  
th e  m o lecu le . The r e s u lt s  o f  t h is  c a lc u la t io n  were ambiguous; part 
o f  the am biguity  a ro se  because th e fu r th er  d is t o r t io n  from p la n a r ity  
mixed the nTf and TftT c o n fig u ra t io n s  so thoroughly th a t th e s t a t e s  
th a t r e s u lte d  could  no longer be id e n t i f ie d  to  be p r im a r ily  one 
type or an oth er . A l l  th a t can be s ta te d  d e f in i t e ly  i s  th a t the  







P red ic ted  Lowest Energy tt- tt T ra n sit io n s  o f  S ta b le  
Conformers o f  A c e tv la ce to n a te  Anions (CNDO/S)
S in e l e t - S in e le t  S in g le t -T r ip le t
T ra n s it io n s  T ra n sitio n s
Enerev(cm 1 ) X(nm) Os. S t . Energy(cm 1 ) Alnm),
37 210 26 8 .8 .159 23 680 1+22.3
38 500 259-7 -30T 2k  270 1+12.1
30 350 329.^ .01+5
c o n fig u r a t io n  in t e r a c t io n . However, c o n c lu s iv e  sta tem en ts cannot 
be made about th e  m ost s ta b le  p o s it io n  o f  th e hydrogen a ttach ed  to 
th e  3 -carbon  in  the 115° tw isted  conform ation o f  the e x c ite d  s in g le t .
F in a l ly ,  a summary o f  a l l  th e t r a n s it io n  en erg ie s  for  
th e d i f f e r e n t  forms o f  a c e ty la c e to n e  which may be p resen t and 
o b servab le  ex p er im en ta lly  are g iven  in  Table XVI. A ll  o f  the tra n ­
s i t i o n s  l i s t e d  are  th e low est energy TT-»TT t r a n s i t io n s .  The p o s s ib le  
a b so rp tio n s th a t are l i s t e d  are t r a n s it io n  en erg ie s  from th e s ta b le  
conform ations o f  th e  ground s t a t e  to  the e x c ite d  s in g le t  s t a t e  o f  
l ik e  geom etry (Franck-Condon p r in c ip le ) .  The p o s s ib le  f lu o re sce n c e s  
th a t are l i s t e d  are on ly  th o se  which have a d if f e r e n t  energy than 
th e s i n g l e t - s i n g l e t  a b so rp tio n s; th ese  f lu o re sce n c e s  are tr a n s it io n  
e n e r g ie s  from th e  s ta b le  e x c ite d  s t a t e  conform ations to a l ik e  
geom etry o f  th e ground s t a t e .  Of co u rse , f lu o re sce n c e s  from any o f  
th e  e x c ite d  s t a t e s  o f  th e  en o ls  o f  th e  anions th e e x c ite d  s t a t e s  o f  
which were n o t a d ju sted  w ith  r e sp e c t to  the c e n tr a l an g le  are a ls o  
p o s s ib le  a t  th e same energy as the l i s t e d  s i n g l e t - s i n g l e t  a b so rp tio n s, 
provided th a t t h is  conform ation  corresponds to  a minimum in  th e  
e x c ite d  s t a t e  p o te n t ia l  curve. The p o s s ib le  phosphorescences are  
g iv en  as t r a n s i t io n  e n e r g ie s  from th e s ta b le  e x c ite d  t r i p l e t  s ta t e s  
to  the ground s t a t e  o f  l ik e  geom etry. Table XVII g iv e s  th e  same 
in fo rm a tio n  fo r  the a -m eth y la ce ty la ce to n e  system .
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TABLE XVI
P red icted  Lowest Energy tt-St T ra n sit io n s  In
A cety la ce to n e  System  (CNDO/s)
Form Energy(cm x ) 
A bsorptions
\(nm)
Enol U C helated 38 230 2 6 1 .6
Enol U U nchelated 1)4 720 22 3 .6
Enol S 46  670 2 1 b .  3
Enol W 46  lj-90 215 .1
Anion sp3 37 000 270.3
Anion U 37 210 2 6 8 .8
Anion S 38 630 258 .9
Anion W 37 9T 0
F luores cences
263.3
Anion S 38 500 259.7
Anion 115° 30 35O 
Phosphorescences
329-4
Enol U C helated 27 380 365 .2
Enol U U nchelated 19 710 5C7-3
Enol S 19 050 521)-. 8
Enol W 19 020 525.6
Anion sp3 23 720 4 2 1 .7
Anion U 23 680 4 2 2 .3
Anion S 2b  270 412 .1
Anion W 23 290 429-3













P red ic ted  Lowest Energy tt-»t T ra n sitio n s  In
cH M ethvlacetv lacetone System  (CNDO/s)
Form Enerev(cm 1 ) \(nm)
A bsorp tions
Enol U C helated 36  200 276 .2
Enol U U nchelated 43 070 2 3 2 .2
Enol S ifif 990 222.3
Enol W if if if 00 2 2 5 .2
Anion U 35 670 280. if
Anion S 37 330 267 .9
Anion W 36 630 273-0
F lu orescen ces
Anion 15° 35 180 28if .3
Anion 120° 29  860 33^-9
Phos phores cen ces
Enol U C helated 2k 920 ifO l.3
Enol U U nchelated 18 C70 553-5
Enol S 17 kko 573.3
Enol W 17 380 575.3
Anion U 22 720 ifif0.2
Anion S 2k if 90 if 08 .3
Anion W 23 360 if 2 8 .1











C o rre la tio n s  w ith  Experim ental Sp ectra
The g o a l o f  t h is  work was to  c o r r e la te  Cheng's experim ental 
e le c t r o n ic  sp e c tr a 37 w ith  th e  th e o r e t ic a l  sp ectra  p r e v io u s ly  p resen ted  
in  t h is  work in  order to  e x p la in  th e experim en tal s p e c tr a . Table  
XVIII summarizes both a b so rp tio n  and em issio n  sp e c tra  o f  a c e t y l -  
aceton e  and crm eth y la cety la ce to n e  th a t were ob ta in ed  by Cheng. A l l  
t r a n s i t io n  e n e rg ie s  g iv e n  are  the v e r t i c a l  t r a n s it io n  e n e r g ie s .
The a b so rp tio n  sp e c tr a  w i l l  be con sid ered  f i r s t .  Cheng 
observed one band o f  a c e ty la c e to n e  a t  2 J1  nm in  both  3 _nieth y lp en tan e  
(3MP) and EPA which s h i f t s  to  29 -̂ nm in  b a s ic  e th y l  a lc o h o l.  Cheng 
in te r p r e te d  th e  band a t  271 nm to  be th e  lo w est energy TT—*TT tr a n s it io n  
o f  th e c h e la te d  e n o l. The vapor phase spectrum  o f  a c e ty la c e to n e  has 
a stro n g  band a t  262 nm, which i s  e x a c t ly  the w avelength  p red ic ted  
in  t h is  work fo r  th e  lo w est energy TT—*TT tr a n s it io n  o f  the sym m etrical 
c h e la te d  e n o l. S in ce  th e r e a l  m olecu le  i s  n o t com p lete ly  sym m etrical 
and s in c e  th e  t r a n s it io n  o f  th e  unsym m etrical c h e la te d  en o l i s  
p red ic ted  to  occur a t  somewhat h ig h er  e n e r g ie s , th e  TT—*TT t r a n s i t io n  
Cor th e  s l i g h t l y  unsym m etrical form which corresponds to  th e r e a l  
m olecu le  would l ik e ly  be exp ected  to  occur s l i g h t l y  to  th e b lu e  o f  
the exp erim en ta l p o s i t io n . However, t h is  d if fe r e n c e  between p red ic ted  
and c a lc u la te d  e n e r g ie s  i s  ty p ic a l  o f  TT—*TT t r a n s i t io n s .  Thus, the  
p red ic ted  TT—*TT tr a n s it io n  energy fo r  th e ch e la ted  en o l form agrees  
w e ll  w ith  th e experim en ta l v a lu e . Cheng a ss ig n ed  th e 29̂ 1 nm band 
in  b a s ic  e th a n o l to  th e  an ion  o f  th e  ch e la ted  e n o l. Assuming th a t
9 '{. Cheng, L. T . , o p . c i t .
TABLE X V III
C heng's E xp erim en ta l E le c t r o n ic  S p ec tra  o f  A c e ty la c e to n e  and 
cH M eth v la ce tv la ce to n e  (Room T em perature)*
S o lv en t ** max
A c e ty la c e to n e
\ XXX Energy  
(nm) (cm
CK-Me t h v  l a c e  t v  l a c e  t o n e
v j / jw.A A A '
)










y . \/ u  7 \ A A
)
3MP 11 000 271 36 900 2200 286.5 3k  900
5600 214.7 .5 J4-0 ii-00
Vapor _ _  — 262 38 170
EPA 10 200 271 36 900 2300 286.5 3b  900
5700 252.5 39  600
.1  N NaOEt- 23 300 29^ 3*). 010 5300 257 38 910
EtOH 10 500 309 32 360
F lu orescen ces
3MP 352 28 000 353 27 900
EPA 355 27 800 350 28 200
Phosphorescences
3MP it.80 20 500 500 20 000
b 25 23 600
500 20 000
EPA k 5 0 22 200 500 20 000
i+15 2b 100 1+50 22 200
^65 21 500
Cheng, L. T . , o£ . c i t .
3MP -  3 "M ethylpentane
A l l  t r a n s it io n  e n e rg ie s  and w avelen gths correspond to  the  
v e r t ic a l  t r a n s it io n s .
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Liu* ani.on formed from the c h e la te d  en o l i s  the U form, the  
c a lc u la te d  va lu e o f  the low est energy TMT tr a n s it io n  w avelength  o f  
269 nm agrees reason ab ly  w e l l  w ith  th e experim en ta l v a lu e . The 
p red ic ted  red s h i f t  o f  th e  t r a n s it io n  o f  the an ion  r e la t iv e  to  
th a t o f  the c h e la te d  en o l i s  1020 cm 1 ; th is  v a lu e  i s  sm a ller  than  
th e  experim en tal va lu e  o f  2890 cm 1 . However, the p red ic ted  s h i f t  
should  be c o r r e la te d  w ith  gas phase data; th e an ion  e x c ite d  s t a t e  
probably has a g r e a te r  s o lv e n t  s t a b i l i z a t io n  r e la t iv e  to  i t s  
ground s t a t e  than th e  e x c ite d  s t a t e  o f  th e  en o l r e la t iv e  to  i t s  
ground s t a t e .  These fa c t s  p o s s ib ly  account fo r  th e  sm a ller  red 
s h i f t  th a t  i s  p r e d ic te d . The la rg e  in c r e a s e  in  th e e x t in c t io n  
c o e f f i c i e n t  o f  the an ion  r e la t iv e  to  th a t  o f  th e  ch e la ted  en o l i s  
not ex p la in ed  by th e t h e o r e t ic a l  o s c i l l a t o r  s tr en g th s  i f  a l l  o f  
th e an ion  i s  in  th e  U form; th e p red ic ted  o s c i l l a t o r  s tr en g th  o f  the  
anion  U form i s  n e a r ly  th e  same as th a t o f  th e ch e la ted  e n o l.
However, i f  p art o f  th e an ion  p o p u la tio n  were in  th e S or th e W form, 
then th e la r g e r  o s c i l l a t o r  s tr en g th s  o f  th ese  forms could account 
fo r  th e la r g e r  e x t in c t io n  c o e f f i c i e n t s  o f  th e anions r e la t iv e  to  
th ose  o f  the c h e la te d  e n o ls .  In a d d it io n , c h e la t io n  and so lv e n t  
e f f e c t s  may in c r e a se  th e  o s c i l l a t o r  s tr en g th  o f  th e anion tr a n s it io n ;  
th e c a lc u la t io n s  do n o t take th ese  e f f e c t s  in to  accou n t. The W form 
i s  th e form o f  th e  an ion  o th er  than th e U form th a t i s  probably the  
la r g e s t  part o f  th e  anion p o p u la tio n  fo r  two rea so n s . F ir s t ,  th e  
W fo r a 's  p red ic ted  t r a n s it io n  energy i s  c lo s e r  to  th a t o f  the U 
form and the observed va lu e  than i s  th a t o f  th e S form. Second, the  
p red ic ted  o s c i l l a t o r  s tren g th  o f  th e  W form i s  la rg er  than th e
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p red ic ted  o s c i l l a t o r  stre iig th  o f  the U form; th e r e fo r e  i t  would 
take l e s s  o f  th e  W form to e x p la in  th e  in c r e a se  in  e x t in c t io n  co ­
e f f i c i e n t .  In g e n e r a l, Cheng's assignm ents o f  the a c e ty la c e to n e  
a b so rp tio n  bands seem to  be c o r r e c t .
The a b so rp tio n  sp ec tra  o f  crm eth y la cety la ce to n e  are some­
what more co m p lica ted . There are two p r in c ip a l bands o f  the  
compound in  n on b asic  s o lv e n ts ;  one occu rs near 287 nm and th e  o th er  
near 250 nm. Cheng a ss ig n ed  the long w avelength  band to  th e  
t r a n s it io n  o f  th e  c h e la te d  e n o l. The exp erim en ta l red s h i f t  o f  t h is  
band o f  the crm ethyl compound r e la t iv e  to  the p o s it io n  o f  th e  
ch e la te d  en o l band o f  a c e ty la c e to n e  i s  about 2000 cm 1 ; th e  p r e d ic te d  
red s h i f t  fo r  th e  lo w est energy TMT t r a n s it io n  i s  2030 cm 1 in  the  
ca se  o f  th e sym m etrical s tr u c tu r e  and 22^0 cm 1 in  th a t o f  th e  
unsym m etrical s tr u c tu r e . In b a s ic  s o lv e n t s ,  t h i s  band o f  crm eth yl­
a c e ty la c e to n e  s h i f t s  to  509 nm; thus th e red s h i f t  upon io n iz a t io n  
i s  about 2500 cm 1 . The p red ic ted  red s h i f t  i s  on ly  about 500 cm 1 . 
However, i t  was p o in ted  out th a t so lv e n t  e f f e c t s  probably p lay  a 
la rg e  r o le  in  cau sin g  la r g er  red s h i f t s  than th ose  th a t are p r e d ic te d .  
There can be l i t t l e  doubt about Cheng's assign m ents o f  th e  long  
w avelength  band o f  c rm eth y la ce ty la ce to n e .
I t  i s  more d i f f i c u l t  to  a s s ig n  the o th er  band. Cheng 
a ssig n ed  t h is  band, which appears a t  2^7*5 nm in  3~m ethylpentane, to  
the k eto  form. However, the p red ic ted  t r a n s it io n s  o f  any k eto  
conformer th a t  would have an in t e n s i t y  which could  e x p la in  th e  la r g e  
experim en ta l in t e n s i t y  are fa r  to  the b lu e o f  th is  w avelength  range.
The o n ly  type o f  k eto  band th a t could p o s s ib ly  be found in  th e  
2^7*5 nm reg io n  i s  th a t o f  an n-*Tf t r a n s it io n .  However, th e 2^7*5 nm
band i s  q u ite  in te n se  and s h i f t s  to  th e red when a more polar  
so I veilL j.s used . Both o f  th ese  e f f e c t s  are u n c h a r a c te r is t ic  o f  
n-»7t t r a n s it io n s .  The band could be another TMT o f  the ch e la ted  e n o l,  
but th is  assignm ent i s  h ig h ly  u n lik e ly  because ( l )  th ere  i s  no 
corresponding band in  a c e ty la c e to n e , and (2 ) the band shows too  much 
o f  a so lv e n t  e f f e c t  to  be th a t o f  a c h e la te d  e n o l. The on ly  a lte r n a ­
t iv e  i s  the assignm ent o f  the band to  an u n ch ela ted  en o l s tr u c tu r e .  
Once th is  assignm ent i s  made, s e v e r a l q u estio n s  a r i s e .  The most 
obvious q u estio n  r e la t e s  to  the presen ce  o f  th e band in  crm ethyl- 
a c e ty la c e to n e  s o lu t io n  and i t s  absence in  a c e ty la c e to n e  s o lu t io n .  I t  
was t h is  in c o n s is te n c y  which led  Cheng to  conclude th a t i t  was a 
k eto  t r a n s it io n  s in c e  th e  experim en ta l ev id en ce  a lrea d y  c ite d  shows 
th a t the k e to  form i s  much more predominant in  s o lu t io n s  o f  crm eth yl- 
a c e ty la c e to n e . However, o th er  exp erim en ta l ev id en ce  p r e v io u s ly  
c it e d  and th e CNDO/2  c a lc u la t io n s  p r e v io u s ly  d isc u sse d  have a ls o  
led  to  the co n c lu s io n  th a t the co n cen tra tio n s  o f  u n ch ela ted  en o l 
forms are a ls o  in crea sed  g r e a t ly  when th e  a-m ethyl s u b s t itu e n t  i s  
added to  a c e ty la c e to n e . Thus th e assignm ent o f  the 2^7 -5  nm band in  
the spectrum  o f  crm eth y la cety la ce to n e  i s  c o n s is t e n t  w ith  o th er  
ev id en ce th a t su g g e sts  an a p p rec ia b le  q u a n tity  o f  th e u n ch ela ted  
en o l forms o f  c rm eth y la ce ty la ce to n e . In a d d it io n , i t  has been e s ­
ta b lish e d  ex p er im en ta lly 98 th a t a carbonyl group conjugated  w ith  a 
carbon-carbon double bond has a s tro n g  a b so rp tio n  in  th e  neighborhood  
o f  235 nm. This chromophore i s  th e one p resen t in  u n ch ela ted  e n o ls .
98. Rasmussen, R. S . ,  T u n n ic l i f f ,  D. D ., and B r a tta in , R. R ., 
J . Am. Chem. Soc. .  7 1 . 1068 (19^ 9).
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A d isc u s s io n  o f  the red s h i f t  o f  th is  band th a t accom panies 
an in crea se  in  so lv e n t  p o la r ity  i s  in  ord er. The c h e la te d  en o l band 
undergoes no such red s h i f t  u n le ss  a b a s ic  so lv e n t  i s  u sed . This 
d if fe r e n c e  between th e two bands r e f l e c t s  th e  g r e a te r  d i f f i c u l t y  in  
io n iz in g  a ch e la ted  en o l than in  io n iz in g  an u n ch ela ted  e n o l. P o lar  
s o lv e n ts  cause very l i t t l e  io n iz a t io n  o f  a c h e la te d  en o l; hence th ere  
i s  very l i t t l e  change in  i t s  ab so rp tio n  u n le s s  a b a s ic  so lv e n t  i s  
used; in  b a s ic  s o lu t io n s  th e io n iz a t io n  i s  e s s e n t ia l l y  com plete, and 
the r e s u lta n t  r e d -s h if t e d  band i s  th a t o f  the a n ion . Table V, which  
g iv e s  th e c a lc u la te d  io n iz a t io n  e n e r g ie s  fo r  th e e n o ls ,  shows th a t i t  
tak es co n sid era b ly  more energy to  io n iz e  the c h e la te d  en o l forms o f  
th ese  compounds. C y c lic  (3-d ik e to n e s  (which cannot e x i s t  in  the ch e­
la te d  en o l form) show a gradual red s h i f t  as th e so lv e n t  p o la r it y  i s  
in crea sed ; th is  experim en ta l fa c t  i s  ev id en ce  fo r  d i f f e r e n t  degrees o f  
io n iz a t io n  in  d i f f e r e n t  s o l v e n t s . "  The sh o r t w avelength  band o f  cr 
m eth y la ce ty la ce to n e  shows t h is  same b eh a v io r . One t e s t  which should  
be r e la t iv e ly  c o n c lu s iv e  in  determ ining w hether th is  band i s  indeed  
th a t o f  an u n ch ela ted  en o l would be th e  study o f  the p o s it io n  o f  the  
band o f  the compound in  a p o lar  so lv e n t  a t  d i f f e r e n t  c o n c e n tr a tio n s .
I f  io n iz a t io n  can take p la c e , then the p o s it io n  o f  th e  band should  be 
con cen tra tion -d ep en d en t because the io n iz a t io n  should  be g r e a te r  in  
th e more d i lu t e  s o lu t io n s .  This d i lu t io n  e f f e c t  was noted  in  e x p e r i­
ments w ith  th e c y c l i c  p -d ik e to n e s .100
99 . B lo u t, E. R ., Eager, V. W., and Silverm an, D. C ., J . Am. Chem. 
S oc. « 68. 566 ( 19^6 ) .
100 . B lo u t, e t  a l . , i b i d .
Tim f i n a l  t o p i c  w h ich  n e e d s  t o  be d i s c u s s e d  i s  t h e  
n a t u r e  o f  t h e  u n c h e l a t e d  e n o l .  T a b le  XVII g i v e s  t h e  t r a n s i t i o n  
e n e r g i e s  o f  t h r e e  form s o f  th e  u n c h e l a t e d  e n o l s ,  U, S, and  W. The 
t r a n s i t i o n s  o f  a l l  form s a r e  p r e d i c t e d  t o  o c c u r  a t  h i g h e r  e n e r g i e s  
th a n  t h e  e x p e r i m e n t a l  o n e ,  b u t  t h i s  d i s c r e p a n c y  c a n  b e  a t  l e a s t  
p a r t i a l l y  e x p l a i n e d  by  s o l v e n t  e f f e c t s  and  t h e  u s u a l  t r e n d  i n  
t h e  c a l c u l a t i o n  r e s u l t  com pared  w i t h  t h e  e x p e r i m e n t a l  r e s u l t .  I n  
a d d i t i o n ,  a l l  o f  t h e s e  fo rm s may n o t  be  q u i t e  a s  u n s y m m e tr ic a l  
a s  th e  m odel w h ich  was u s e d  a s  t h e  b a s i s  f o r  t h e  c a l c u l a t i o n s .  T h a t  
i s ,  t h e  C - C d o u b le  bond i s  p r o b a b ly  s l i g h t l y  l o n g e r  t h a n  t h e  
fo rm a l  d o u b le  bond t h a t  was assum ed  an d  t h e  C - C s i n g l e  bond 
p r o b a b ly  h a s  a  s l i g h t  am ount o f  d o u b le  bond  c h a r a c t e r  b e c a u s e  o f  
c o n j u g a t i o n  w i t h  t h e  c a r b o n y l .  The p r e d i c t e d  t r a n s i t i o n  e n e rg y  
w ould  be  s l i g h t l y  r e d - s h i f t e d  i f  t h e  m odel had  b e e n  made s l i g h t l y  
more s y m m e tr ic a l ;  t h i s  c o n c l u s i o n  r e s u l t s  from  a n a lo g y  w i t h  t h e  
b e h a v i o r  o f  t h e  c h e l a t e d  e n o l s  and  t h a t  o f  t h e  U form  o f  t h e  u n c h e ­
l a t e d  e n o l .  I t  i s  t h e r e f o r e  c o n c lu d e d  t h a t  any  o f  t h e  t h r e e  p o s s i b l e  
forms o f  t h e  u n c h e l a t e d  e n o l  c o u ld  be  r e s p o n s i b l e  f o r  t h e  2^7*5 
nm band o f  c r m e t h y l a c e t y l a c e t o n e ,  a l t h o u g h  t h e  U form  d o es  g i v e  t h e  
b e s t  f i t  w i t h  t h e  e x p e r i m e n t a l  t r a n s i t i o n  e n e r g y .
From an  e n e r g e t i c  p o i n t  o f  v iew , t h e  S u n c h e l a t e d  e n o l  
form  o f  c r m e t h y l a c e t y l a c e t o n e  i s  p r e d i c t e d  t o  be  t h e  m ost s t a b l e  
c o n f o r m a t io n  a s  a r e s u l t  o f  c a l c u l a t i o n s  d i s c u s s e d  e a r l i e r ,  and  th e  
d i p o l e  moments o f  t h e  S and W form s a r e  n e a r l y  e q u a l .  B o th  o f  t h e  
S and W form s h av e  a  g r e a t e r  d i p o l e  moment t h a n  t h a t  o f  t h e  U 
u n c h e l a t e d  e n o l ,  a n d ,  t h u s ,  t h e s e  two fo rm s (S and  W) s h o u ld  be
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;; Labi I i zed more than the II form in  p o lar  s o lv e n t s .  In a d d it io n ,  
the s l i g h t  d ecrea se  in  observed e x t in c t io n  c o e f f i c i e n t  upon io n iz in g  
the en o l in  b a s ic  s o lv e n t  (th e  2^7*5 nm band s h i f t s  to  257 nm in  
b a s ic  s o lv e n t)  i s  p r e d ic ted  by s l i g h t  d ecrea ses  in  o s c i l l a t o r  
s tr e n g th s  o f  th e  t r a n s it io n s  o f  any o f  th e  an ion s th a t r e s u lt  from 
io n iz a t io n s  o f  th e  th re e  u n ch ela ted  e n o ls .  The p red ic ted  p o s it io n  
o f  the S form o f  th e  an ion  t r a n s i t io n  (2 6 7 .9  nm) i s  c lo s e r  to  the  
exp erim en ta l v a lu e  (257 nm) than th e p red ic ted  p o s it io n  o f  th e W 
anion t r a n s it io n  (275*0 nm). These fa c t s  lead  to  th e c o n c lu s io n s  
th a t th e  2^7*5 nm band o f  crm eth y la cety la ce to n e  in  nonpolar  
s o lv e n ts  i s  th a t o f  th e  S form o f  th e  u n ch ela ted  en o l a long w ith  
some p o s s ib le  c o n tr ib u tio n s  from the W and th e U forms o f  th e un­
c h e la te d  en o l and th a t  th e 257 nm band o f  th e  compound in  b a s ic  
s o lv e n ts  i s  th a t o f  th e  S an ion  w ith  perhaps some c o n tr ib u tio n  from 
th e W form o f  th e a n ion .
These assign m ents o f  th ese  bands fo r  crm eth y la cety la ce to n e  
do pose some problem s, however. I t  i s  somewhat d is tu r b in g  th a t the  
experim en ta l red s h i f t  o f  th e  2^7*5 nm band th a t r e s u lt s  from 
io n iz a t io n  i s  much sm a ller  than th e  p red ic ted  red s h i f t ,  e s p e c ia l ly  
s in c e  the p red ic ted  red s h i f t s  o f  th e U forms o f  th e se  compounds are  
sm a ller  than th e  exp erim en ta l v a lu e s . T his d iscrep a n cy  may be 
p a r t ly  a r e s u lt  o f  c h e la t io n  e f f e c t s  o f  th e  U an ion  which cannot be 
p resen t in  th e c a se s  o f  th e  S or  W form s. Even w ith  t h is  ex p la n a tio n , 
however, i t  i s  s t i l l  d i f f i c u l t  to  account com p lete ly  fo r  th e la rg e  
d iscrep a n cy  between experim ent and th eo ry . I t  i s  p o s s ib le  a ls o  th a t  
th e geom etry o f  th e  S form o f  th e  an ion  may be somewhat d if f e r e n t  
from th a t which has been used in  the c a lc u la t io n s .
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Another d i f f i c u l t y  i s  the same one th a t was encountered  
in the in te r p r e ta t io n  o f  the a c e ty la c e to n e  ab so rp tio n  spectrum . The 
e x t in c t io n  c o e f f i c i e n t  o f  the a n io n ic  form which has an a b so rp tio n  
a t  309  nm i s  much la r g er  than th a t c a lc u la te d  fo r  th e  io n ic  U form.
In th is  ca se  o f  a c e ty la c e to n e , one p o s s ib le  ex p la n a tio n  which was 
g iv en  was th a t the W anion i s  a ls o  p resen t; hence th e r e la t iv e l y  
la rg e  e x t in c t io n  c o e f f i c i e n t  could be a t tr ib u te d  a t  l e a s t  p a r tly  to  
th e W form which has a la r g e r  p red ic ted  o s c i l l a t o r  s tr e n g th . T his 
ex p la n a tio n  may a ls o  be p a r t ly  v a l id  in  th e  ca se  o f  c r m eth y la c e ty l­
a c e to n e , but i f  t h is  were the o n ly  ex p la n a tio n , the in c r e a se  in  
o s c i l l a t o r  s tr en g th  fo r  th e t r a n s it io n  o f  th e  crm ethyl compound should  
not be as g r e a t  as th a t o f  a c e ty la c e to n e  because the W form o f  th e  
anion o f  crm eth y la cety la ce to n e  i s  p red ic ted  to  be co n sid era b ly  l e s s  
s ta b le  than th e U form than i t  i s  in  the ca se  o f  a c e ty la c e to n e .  
However, th e in c r e a se  in  experim en ta l e x t in c t io n  c o e f f i c i e n t  o f  th e  
anion  t r a n s it io n  in  b a s ic  s o lv e n t  compared w ith  th a t o f  th e ch e la ted  
en o l t r a n s it io n  in  n eu tra l so lv e n t  i s  la r g e r  in  the c a se  o f  cr 
m eth y la ce ty la ce to n e  than in  th e ca se  o f  a c e ty la c e to n e . In  s p i t e  o f  
t h is  d i f f i c u l t y ,  every  o th er  p ie c e  o f  ev id en ce  supports the a s s ig n ­
ments o f  the ab so rp tio n  bands o f  crm eth y la cety la ce to n e  th a t have 
been made.
Both a c e ty la c e to n e  and crm eth y la cety la ce to n e  have 
f lu o re sce n c e  bands in  the 3 5 °  nm reg ion ; th ese  f lu o r e sc e n c e  bands 
are co n sid era b ly  r e d -s h if te d  from the p o s it io n  o f  th e  io n  a b so rp tio n  
bands. T his s h i f t  in d ic a te s  th a t th e  em ittin g  s p e c ie s  must be 
co n sid era b ly  d if f e r e n t  g e o m e tr ic a lly  from th e io n  th a t i s  ab sorb in g , 
i f  i t  i s  assumed th a t a l l  o f  th e em issio n  comes from a n e g a tiv e  io n .
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Chong c o n c lu d e d  t h a t  t h i s  f l u o r e s c e n c e  i s  t h e  e m is s io n  o f  a  n e g a t i v e  
Lon b e c a u s e  t h e  e x c i t a t i o n  band  i s  i n  t h e  r e g i o n  o f  t h e  a b s o r p t i o n  
band o f  th e  i o n  i n  a b a s i c  s o l v e n t .  I t  i s  a l s o  p o s s i b l e  t h a t  some 
n e u t r a l  m o le c u le s  m ig h t  a b s o r b  and  d i s s o c i a t e  i n  t h e  e x c i t e d  s t a t e s .
The f a c t  t h a t  m o s t  o f  t h e  f l u o r e s c e n c e  e x c i t a t i o n  o c c u r s  a t  t h e  
p o s i t i o n  o f  t h e  i o n  a b s o r p t i o n  band  t e n d s  t o  r u l e  t h i s  p r o c e s s  o u t .
However, t h e  p o s s i b i l i t y  t h a t  t h i s  e x c i t e d  s t a t e  i o n i z a t i o n  m ig h t  
o c c u r  t o  some e x t e n t  d o e s  n o t  a f f e c t  t h e  c o n c l u s i o n s  w h ich  w i l l  be  
made. W ith  t h e  u s e  o f  t h e  l a r g e  S to k e s  s h i f t  and  t h e  p o s i t i o n  o f  t h e  
e x c i t a t i o n  b a n d ,  Cheng c o n c lu d e d  t h a t  t h e  p r i n c i p a l  d i f f e r e n c e  
b e tw e e n  t h e  a b s o r b in g  and  e m i t t i n g  i o n s  i n  t h e  a c e t y l a c e t o n e  and  c r  
m e t h y l a c e t y l a c e t o n e  s y s te m s  i s  t h a t  t h e  e m i t t i n g  i o n  h a s  a geo m etry  
c h a r a c t e r i s t i c  o f  s p 3 h y b r i d i z a t i o n  a t  t h e  3 ~ c a rb o n  r a t h e r  th a n  a  
g eo m e try  c h a r a c t e r i s t i c  o f  s p 2 h y b r i d i z a t i o n  a t  t h e  3 - c a r b o n  i n  th e  
c a s e  o f  t h e  a b s o r b i n g  i o n .  The m odel c a l c u l a t i o n s  p e r fo rm e d  i n  t h i s  
w ork i n d i c a t e  t h a t  t h i s  e x p l a n a t i o n  i s  a t  l e a s t  a p o s s i b i l i t y  i n  
t h a t  t h e r e  d o es  seem t o  be  a  minimum i n  t h e  e x c i t e d  s i n g l e t  s t a t e  a t  
a c o n f o r m a t io n  t h a t  a p p r o a c h e s  t h e  g e o m e try  c h a r a c t e r i s t i c  o f  s p 3 
h y b r i d i z a t i o n  a t  t h e  ^-carbon.  However, f o r  two r e a s o n s  i t  i s  f e l t  
t h a t  t h i s  m odel d o e s  n o t  a d e q u a t e l y  a c c o u n t  f o r  t h e  a s s ig n m e n t  o f  
t h e s e  f l u o r e s c e n c e  b a n d s .
( l )  The p r e d i c t e d  f l u o r e s c e n c e  t r a n s i t i o n  e n e rg y  f o r  th e  
form  w h ich  h as  a minimum i n  t h e  p o t e n t i a l  c u rv e  i s  f a r  t o  t h e  b lu e  
o f  t h e  e x p e r i m e n t a l  v a l u e .  I n  o t h e r  w o rd s ,  t h e  S to k e s  s h i f t  p r e ­
d i c t e d  f o r  th e  f l u o r e s c e n c e  i s  much to o  s m a l l .
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O ’ ) The h e i g h t  o f  the. e n e rg y  b a r r i e r  b e tw een  th e  sp2 and  
s p ’ forms i s  much to o  h ig h  ( 1*1.8 k c a l /m o l e )  i n  th e  e x c i t e d  s i n g l e t  
s t a t e  f o r  many m o le c u le s  t o  u n d e rg o  th e  c o o r d i n a t e  changes  
n e c e s s a r y  t o  a t t a i n  th e  g e o m e try  c h a r a c t e r i s t i c  o f  sp 3 h y b r i d i z a t i o n  
a t  t h e  3 - c a r b o n  d u r i n g  t h e  l i f e t i m e  o f  t h e  e x c i t e d  s i n g l e t  s t a t e  
a t  low t e m p e r a t u r e .  M ost o f  t h e  m o le c u le s  i n  t h e  g ro u n d  s t a t e  a t  
room t e m p e r a t u r e  w o u ld  b e  i n  t h e  sp 2 form  b e c a u s e  i t  i s  c o n s i d e r a b l y  
more s t a b l e .
The c i s - t r a n s  r o t a t i o n  a b o u t  t h e  C3 - C5 bond m odel i s  
f e l t  t o  be a  much m ore a d e q u a t e  m odel on w h ich  t o  b a s e  t h e  a s s i g n ­
m ent o f  t h e s e  f l u o r e s c e n c e s .  I n  t h e  c a s e  o f  b o th  a c e t y l a c e t o n e  
and  c r m e t h y l a c e t y l a c e t o n e  t h e  c a l c u l a t i o n s  p r e v i o u s l y  d e s c r i b e d  
h av e  shown t h a t  t h e  f i r s t  e x c i t e d  s i n g l e t  s t a t e  i s  p r a c t i c a l l y  f l a t  
w i t h  r e s p e c t  t o  r o t a t i o n  a b o u t  t h e  C3 - C5 bond . When t h e s e  c u rv e s  
a r e  exam ined  i n  m ore d e t a i l ,  t h e y  show d e e p e s t  e n e rg y  minim a a t  a 
c o n f o r m a t io n  o f  115°  i n  t h e  c a s e  o f  a c e t y l a c e t o n e  and  a t  120°  i n  
t h a t  o f  c r m e t h y l a c e t y l a c e t o n e .  I f  t h e  i o n  f l u o r e s c e n c e  i s  a s s i g n e d  
to  an  e m is s i o n  from  t h i s  minimum e n e rg y  a n g u l a r  c o n f o r m a t io n  o f  each  
compound, t h e n  t h e  p r e d i c t e d  t r a n s i t i o n  e n e r g i e s  a r e  r e a s o n a b l y  
c l o s e  t o  t h o s e  o f  t h e  e x p e r i m e n t a l  f l u o r e s c e n c e s ,  i f  a l lo w a n c e  i s  
made o n ce  a g a i n  f o r  t h e  p r e d i c t e d  t r a n s i t i o n s  t o  be  somewhat t o  t h e  
b l u e  o f  t h e  a c t u a l  t r a n s i t i o n s .  T a b le s  XVI, X V II, and  X V III  show 
t h i s  c o r r e s p o n d e n c e .  I n  a d d i t i o n ,  t h e  h e i g h t  o f  t h e  b a r r i e r  
b e tw e e n  th e  p l a n a r  U fo rm  and  th e  minimum e n e rg y  a n g u l a r  c o n f o r m a t io n  
o f  e a c h  compound i s  s m a l l  enough t o  a l l o w  p r a c t i c a l l y  f r e e  r o t a t i o n
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to  th e angu lar minimum energy conform ation . S in ce  no f lu o re sce n c e  
i s  ob servab le  from th e  U form o f  th e se  a n io n s , t h is  r o ta t io n , and 
p o s s ib ly  in ter sy stem  c r o s s in g , must be f a s t e r  than f lu o r e sc e n c e  
from th e planar conform ation . There i s  some q u es tio n  about th e  
l i f e t im e  o f  the s in g le t  e x c ite d  s t a t e  bein g  long enough fo r  th e  
required  r o ta t io n  to  tak e p la c e . I t  i s  lo g ic a l  th a t th ere  should  
be enough tim e fo r  r o ta t io n  because i t  i s  w e l l  known th a t v ib r a t io n a l  
r e la x a t io n s  are g e n e r a lly  much f a s t e r  than flu o r e sc e n c e s  and th e se  
in te r n a l r o ta t io n s  can be thought o f  as perturbed v ib r a t io n s . In  
a d d itio n  th ere  i s  co n s id era b le  exp erim en ta l ev id en ce10 1 ’102 th a t th e  
phenyl r in g  in  2-p henylnap hth alene e a s i l y  undergoes a r o ta t io n  o f  
about 30 or ^0 d egrees in  i t s  s in g le t  e x c it e d  s t a t e  b e fo re  em issio n
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o ccu rs . Thus i t  seems q u ite  f e a s ib le  th a t  th e  sm a ller  " ^ 0 ^  could  
be a b le  to  r o ta te  120 d egrees during th e  l i f e t im e  o f  i t s  e x c ite d  
s i n g l e t .  The c a lc u la t io n s  a ls o  p r e d ic t  th e sm all red s h i f t  o f  th is  
f lu o re sce n c e  o f  crm eth y la cety la ce to n e  r e la t iv e  to  th a t  o f  a c e t y la c e ­
tone a lthough th e experim en ta l s h i f t  i s  so sm all th a t t h is  agreem ent 
probably i s  fo r tu ito u s .  A l l  o f  th e se  c o n s id e r a t io n s  lea d  to  th e  
assignm ent o f  th e 352 nm flu o re sce n c e  band o f  a c e ty la c e to n e  and th e  
353 nm flu o r e sc e n c e  band o f  crm eth y la cety la ce to n e  to  f lu o re sce n c e  
o f  th e minimum energy angular conform ation o f  each compound (115°  
fo r  a c e ty la c e to n e  and 120° fo r  c r m eth y la c e ty la ce to n e ).
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Under u su a l monochromatic e x c i t a t io n ,  a c e ty la c e to n e  has 
one phosphorescence and crm eth y la cety la ce to n e  none. However, when 
h igh  in t e n s i t y  e x c i t a t io n  o f  a broad range o f  freq u en c ies  i s  
em ployed, a c e ty la c e to n e  has th ree  phosphorescences and crm ethyl- 
a c e ty la c e to n e  tw o .103 These phosphorescences w i l l  now be a ss ig n e d , 
a g a in  u s in g  th e assum ption th a t on ly  n e g a tiv e  io n s  are absorbing  
and su b seq u en tly  e m itt in g . However, th ere  p o s s ib ly  could  be some 
d is s o c ia t io n  in  one o f  th e  e x c ite d  s t a t e s  which then lead s to  an 
io n  e m iss io n . T his p ro cess  could  account fo r  the d if f e r e n t  phos­
p h orescen ces observed when h igh  in t e n s i t y  wide-band e x c i t a t io n  i s  
em ployed.
The major phosphorescence in  a c e ty la c e to n e  (^80 nm in  
3 -m ethylpentane and k^O  nm i n EPA) was a ss ig n ed  by Cheng to  an 
e n o la te  (U form) io n  phosp horescen ce. He made t h is  assignm ent by 
n o tin g  th a t  th e  e x c i t a t io n  band i s  in  th e reg io n  o f  th e  io n  absorp­
t io n  band and by comparing t h is  phosphorescence w ith  phosphorescences  
from m e ta l-c h e la te d  (3-diketone sy stem s. The p red ic ted  lo w est energy  
TMT s i n g l e t - t r i p l e t  t r a n s i t io n  energy o f  th e io n  (^21 nm w avelen gth) 
i s  in  f a i r l y  good agreem ent w ith  th e  experim en tal v a lu e  when 
s o lv e n t  e f f e c t s  and th e tren d s in  the c a lc u la t io n s  are  co n sid ered . 
Thus Cheng's assignm ent o f  t h is  phosphorescence seems rea so n a b le .
The s im ila r  phosphorescence o f  c rm eth y la cety la ce to n e  occurs e x p e r i­
m en ta lly  (upon h igh  in t e n s i t y  e x c it a t io n )  a t  $00 nm; Cheng a ls o  a s ­
s ig n ed  th is  phosphorescence to  th e e n o la te  (u form) an ion . The
103 . Cheng, L. T .,  op. c i t .
p r e d ic te d  s i n g l e t - t r i p l e t  t r a n s it io n  fo r  the II form o f  th e anion  
o f  crm eth y la ce ty la ce to n e  i s  a t  440  nm; aga in  Cheng's assignm ent 
i s  reason ab le  when s o lv e n t  e f f e c t s  are  co n sid ered , and the c a lc u la ­
t io n  does a llo w  fo r  a red s h i f t  o f  t h i s  phosphorescence o f  cr 
m eth y la ce ty la c e to n e  r e la t iv e  to  th a t o f  a c e ty la c e to n e .
Cheng a ss ig n ed  th e phosphorescence o f  a c e ty la c e to n e  th a t  
was observed near 465 nm in  EPA to  h is  k e to  io n  s tr u c tu r e . He 
fu r th er  a ss ig n ed  th e phosphorescence o f  a c e ty la c e to n e  th a t was 
observed near 415 nm and th a t o f  crm eth y la cety la ce to n e  near 450 nm 
to  th e k eto  tautom er o f  th e n e u tra l m o lecu le . I t  i s  f e l t  th a t an 
assignm ent o f  th e se  phorphorescences (th e  415 nm one o f  a c e t y l ­
a ceto n e  and th e  450  nm one o f  crm eth y la ce ty la ce to n e) to  th e  S form  
o f  th e  an ion  and an assignm ent o f  th e  465 nm phosphorescence o f  
a c e ty la c e to n e  in  EPA to  th e  W form o f  the an ion  f i t  th e exp erim en ta l 
and t h e o r e t ic a l  data b e t t e r  than Cheng's a ssign m en ts.
Cheng's assignm ent o f  th e 465 11111 phosphorescence o f  
a c e ty la c e to n e  to  th e  sp3 form o f  th e  an ion  has s e v e r a l drawbacks.
Most im portant i s  th e  f a c t  th a t th ere  i s  a s ig n i f i c a n t  b a r r ie r  in  
the t r i p l e t  s t a t e  th a t opposes th e  tran sform ation  th a t would be 
n ecessa ry  to  o b ta in  the sp3 form from th e sp2 form during th e  
l i f e t im e  o f  th e t r i p l e t  s t a t e  a t  low tem perature. A lso , th e  p red ic ted  
Ti-* So w avelength  fo r  th e sp3 form i s  n ot as c lo s e  to  th e e x p e r i­
m ental phosphorescence w avelength  as th a t o f  th e W form o f  the  
a n io n , a lth ough  th e d if fe r e n c e  between th e  two probably i s  n ot  
s ig n i f i c a n t .  The p red ic ted  w avelength  fo r  the Ti-» SQ tr a n s it io n
o f  the W form o f  th e anion i s  )|,?9 nm, which i s  q u a l i t a t iv e ly  in  
agreem ent w ith  the fa c t  th a t th is  phosphorescence i s  observed  
to  the red o f  the e n o la te  ion  phosphorescence.
The assignm ent o f  the h igh  energy phosphorescence (^15 
nm in  th e ca se  o f  a c e ty la c e to n  and k-50 nm in  the ca se  o f  Q/-methyl- 
a c e ty la c e to n e )  p oses more problem s. Cheng a ss ig n ed  t h is  
phosphorescence to  the k eto  form o f  th e n e u tr a l m o lecu le , but i t  
i s  f e l t  th a t an assignm ent o f  th is  band to  th e S form o f  th e anion  
f i t s  the data b e t t e r .  I f  the band were due to  th e k e to  form, i t  
alm ost c e r ta in ly  would have to  be an n-*TT ph osphorescence, because  
th e  lo n g e s t  p red ic ted  w avelength  phosphorescence o f k eto  form i s  
about 2k 0 nm. Some ca rb o n y l-co n ta in in g  m olecu les  do have weak n-*TT 
phosphorescences in  t h is  r eg io n . However, Cheng's l i f e t im e  m easure­
ments in d ic a te  th a t  th e  l i f e t im e  o f  t h is  phosphorescence i s  on the  
order o f  a ten th  o f  a second , which i s  much lon g er  than a ty p ic a l  
n-*TT phosphorescence l i f e t im e .  In a d d it io n , th e fa c t  th a t th is  band 
appears to  be more in te n se  from a c e ty la c e to n e  than from orm ethyl-  
a c e ty la c e to n e , in  which th e  k e to  c o n cen tra tio n  i s  much h ig h er , 
seems to  r u le  out t h is  assign m ent. However, th e  assignm ent o f  an 
n-*TT phosphorescence o f  th e k eto  form to  t h is  em issio n  cannot be 
com p lete ly  ru led  o u t.
Another p o s s i b i l i t y  i s  th a t t h is  phosphorescence may be 
th a t o f  the c h e la te d  e n o l. The p r e d ic t io n  fo r  the Ti-+ S0 w avelength  
(TT—*TT) fo r  the c h e la te d  en o l does f a l l  in  t h is  r eg io n . However,
p revious work done in  th ese  la b o r a to r ie s 101,1 o:” lo u  has led  to  the 
co n c lu s io n  th a t  in  th e  ca se  o f  s im ila r  typ es oC (3-d ik e to n e  system s 
no em issio n  can be observed from th e ch e la ted  en o l forms because  
th e  rapid  proton tr a n s fe r  between th e  two oxygens d e a c t iv a te s  the  
e x c it e d  s t a t e  b e fo re  em issio n  can occu r. In a d d it io n , th e in c r e a se  
in  in t e n s i t y  o f  t h is  phosphorescence as th e  so lv e n t  p o la r ity  i s  
in crea sed  cou ld  n o t be ex p la in ed  i f  t h is  em issio n  were due to  th e  
c h e la te d  en o l because a l l  ev id en ce p r e v io u s ly  c i t e d  lead s to  the  
c o n c lu s io n  th a t the co n cen tra tio n  o f  th e ch e la ted  en o l d ecrea ses  as 
th e  s o lv e n t  p o la r ity  i s  in c r e a se d . These fa c ts  in d ic a te  th a t the  
c h e la te d  en o l i s  not th e l ik e ly  source o f  th e h igh  energy phos­
p h orescen ce. However, i t  was a ls o  d isco v ered  in  th e se  la b o r a to r ie s 1 0 '’ 
th a t u n ch ela ted  en o ls  do phosphoresce, but the p r e d ic t io n s  fo r  th e  
phosphorescence w avelen gths o f  a l l  o f  th e u n ch ela ted  en o ls  fo r  which  
c a lc u la t io n s  were done are fa r  to  th e red o f  a l l  th e  observed phos­
phorescence w a velen gth s. These c a lc u la t io n s  a lm ost c e r ta in ly  
in d ic a te  th a t  none o f  th e  u n ch ela ted  en o ls  could  be th e sou rce o f  the  
high energy ph osphorescence. S in ce  th e anions o f  th e se  system s are  
thought to  be r e sp o n s ib le  fo r  the o th er  em iss io n s , th e  assignm ent o f
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the S0 t r a n s it io n  o f  the S form o f  the an ion  to  th is  h igh  
energy phosphorescence i s  f e l t  to  be th e  b e s t  assign m en t. The 
p red ic ted  w avelen gth s, 1|-12 nm fo r  a c e ty la c e to n e  and ^08 nm fo r  q/- 
m e th y la ce ty la ce to n e , agree w ith  th e  o b se rv a tio n s  th a t th ese  phos­
phorescences are th e  h ig h e s t  energy ones observed from both compounds.
Once th ese  assignm ents a re  made, s e v e r a l  in t e r e s t in g  
q u estio n s  a r is e  about th e c o r r e la t io n s  o f  th e  p r e d ic t io n s  w ith  the  
experim en ta l f a c t s .  These q u estio n s  fo llo w .
(1 ) Why does th e ^ -m eth yl compound have a g r ea ter  
tendency to  f lu o r e s c e  ra th er  than phosphoresce than does a c e t y l ­
acetone?
(2 ) Why does th e  h igh  energy phosphorescence o f  each  
compound become more pronounced when th e  compounds are con ta in ed  in  
more p o lar  so lv e n ts?
( j )  Why does a c e ty la c e to n e  have th ree  p h osp h orescen ces, 
w h ile  in  the ca se  o f  a -m eth y la c e ty la ce to n e  an analog to  th e low est  
energy phosphorescence o f  a c e ty la c e to n e  cannot be found?
These q u estio n s  w i l l  now be d is c u s se d .
a -M eth y la cety la ceto n e  has a much s tr o n g e r  f lu o r e sc e n c e  
r e la t iv e  to  i t s  e n o la te  io n  phosphorescence than does a c e ty la c e to n e .  
The r e s u lt s  o f  c a lc u la t io n s  o f  th e  p o t e n t ia l  curves o f  a -m eth y l-  
a c e ty la c e to n e  and a c e ty la c e to n e  th a t  w ere d isc u sse d  p r e v io u s ly  have 
shown th a t the b a r r ie r  to  r o ta t io n  away from th e  e n o la te  U form 
i s  about f iv e  tim es g r e a te r  in  th e ca se  o f  a c e ty la c e to n e  than in  
th a t o f  c rm eth y la ce ty la ce to n e . A lso , the angu lar conform ation  
minimum energy o f  th e  cym ethyl compound i s  much deeper r e la t iv e  to
tho r e sp e c t iv e  U forms than i s  th a t o f  a c e ty la c e to n e . I f  i t  i s  
assumed th a t the p r in c ip a l com peting p ro cesses  are in ter sy stem  
c r o ss in g  which r e s u l t s  in  e n o la te  io n  phosphorescence and r o ta t io n  
to  th e  angu lar conform ation  which then f lu o r e s c e s ,  th ese  fa c ts  
c le a r ly  in d ic a te  why th ere  i s  r e la t iv e l y  more f lu o re sce n c e  in  the  
c a se  o f  th e  a -m eth yl compound; t h i s  compound has a g r ea ter  tendency  
to  r o ta te .
The l a s t  two q u estio n s  w i l l  be con sid ered  sim u lta n eo u sly  
s in c e  both are r e la te d  to  the r e la t iv e  r a t io s  o f  th e  i n t e n s i t i e s  o f  
th e d if f e r e n t  phosphorescences o f  th e compounds in  d i f f e r e n t  s o lv e n t s .  
To h e lp  p r e d ic t  the r e la t iv e  i n t e n s i t i e s  o f  the d i f f e r e n t  io n  phos­
p h orescen ces, i t  i s  n ecessa ry  to  co n sid er  th e r e la t iv e  b inding  
en e rg ie s  o f  the th ree  forms o f  the p lanar anions in  th e  t r i p l e t  
s t a t e .  Table XIX and F igure 20 g iv e  th is  d a ta . As b e fo r e , CNDO/2  
was used to  o b ta in  th e ground s t a t e  e n e r g ie s  and CNDO/S th e t r a n s it io n  
en erg ie s  th a t were used to  o b ta in  the t r i p l e t  s t a t e  e n e r g ie s . The 
W form o f  th e t r i p l e t  s t a t e  o f  the anion o f  a c e ty la c e to n e  i s  p red ic ted  
to  be the most s t a b le ,  w h ile  the S form i s  s l i g h t l y  l e s s  s ta b le ,  
and th e U form i s  th e  l e a s t  s t a b le .  In  th e ca se  o f  the crm ethyl 
compound, th e t r i p l e t  s t a t e s  o f  the S and th e  U forms have p r a c t ic a l ly  
the same s t a b i l i t y ,  but th a t o f  th e  W form i s  co n sid era b ly  de­
s t a b i l i z e d  r e la t iv e  to  th o se  o f  the o th er  two. S in ce  e n tr o p ie s  have 
not been co n sid ered , th ere  i s  no guarantee th a t th e most s ta b le  
form p red ic ted  by means o f  th e se  b in d in g  e n e rg ie s  w i l l  n e c e s s a r i ly  
be the most s ta b le  form o f  th e  t r i p l e t  s t a t e  o f  th ese  m olecu les  in  
a g iv en  s o lv e n t . However, s in c e  a l l  th ree  anions are p lan ar, the
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TABLE XIX
B inding E nergies o f  P lanar Anions in  T heir Lowest T r ip le t  S ta te s
Binding E nergies (h a r tr e e s )
Form A cety la ce to n e  q -M eth v la cetv la ceto n e
u - 5*99555 -7.26290
s -6.00009 -7.26289

















1— 7  257
“ - 7 .258- 5.996  -
— 7.259- 5.997  -
“ 5.998 - 7.260
- - 7.261- 5.999  -
- 7.2625 .990
- 7.263- 6.001
a -M eth y la ce ty la ceto n eA cety la ce to n e
Figure 2 0 . B inding e n e rg ie s  o f  planar anions in  th e ir  low est 
t r i p l e t  s t a t e s .
e n tr o p ie s  o f  th e th ree  should  be s im ila r ;  more im p ortan tly , the  
trends in  th e  e n tr o p ie s  o f  th e th ree  an ion s o f  th e  a c e ty la c e to n e  
system  shou ld  be the same as th ose  o f  th e cv-me thy la c e  ty la c e to n e  
system . In  a d d it io n , ground s t a t e  d ip o le  moments g iv en  in  Table VI 
w i l l  be used to  g iv e  some in d ic a t io n  o f  th e  s o lv e n t  e f f e c t s  on the  
t r i p l e t  s t a t e s  o f  th ese  d i f f e r e n t  a n io n s . Of co u rse , th e  ground 
s t a t e  d ip o le s  c e r t a in ly  w i l l  n o t be q u a n t it a t iv e ly  c o r r e c t  fo r  
th e  t r i p l e t  s t a t e s ,  but th ey  should  be q u a l i t a t iv e ly  s a t i s f a c t o r y  
fo r  u se  as an in d ic a t io n  o f  th e  t r i p l e t  s t a t e  moments. A b r ie f  
e st im a te  o f  th e  s i z e  o f  th e  change in  d ip o le  moment upon changing  
from the ground s t a t e  to  th e  e x c it e d  t r i p l e t  s t a t e  led  to  the  
co n c lu s io n  th a t  th e  change would n o t be la rg e  enough to  change the  
trends among th e  d i f f e r e n t  an ion s fo r  which in form ation  i s  shown 
in  T able VI; th a t i s ,  th e  S and the W forms have about the same 
p o la r it y ,  and both are c o n s id e ra b ly  more p o lar  than th e  U form.
I f  i t  i s  assumed th a t a l l  th ree  forms o f  th e an ion  have 
tim e to  a t t a in  some kind o f  e q u ilib r iu m  in  th e t r i p l e t  s t a t e s  o f  
both system s, a rea so n a b le  e x p la n a tio n  fo r  th e  r e la t iv e  phosphores­
cen ce i n t e n s i t i e s  can be g iv e n . I t  i s  u n lik e ly  th a t  the U and the  
S forms are in  d ir e c t  e q u ilib r iu m  w ith  one an oth er, s in c e  the  
c a lc u la t io n s  have in d ic a te d  th a t a la rg e  energy b a r r ie r  between the  
two forms in  th e t r i p l e t  s t a t e  shou ld  k in e t i c a l ly  prevent d ir e c t  
in te r c o n v e r s io n  between th e se  two forms during the l i f e t im e  o f  the  
t r i p l e t  s t a t e .  However, i t  i s  p o s s ib le  th a t a l l  th ree  forms can 
in te r c o n v e r t  through th e  W form or through th e  n e u tr a l m o lecu le .
In the ca se  o f  a c e ty la c e to n e , th e W form i s  most s t a b le ,  and th e
phosphorescence o f  Llie W form i s  observed in  both polar and nonpolar  
s o lv e n t s .  The S form i s  n ex t in  s t a b i l i t y ,  and i t s  phosphorescence 
from m olecu les  in  nonpolar s o lv e n ts  i s  very  weak, but th is  phos­
ph orescence in c r e a se s  d ra m a tica lly  r e la t iv e  to  th a t o f  the U form 
when th e s o lv e n t  p o la r ity  i s  in crea sed ; t h is  in c r e a se  i s  expected  
because o f  th e  la r g e r  d ip o le  moment o f th e S form. The phosphores­
cence o f  the U form i s  observed from both p o lar  and nonpolar s o lu t io n s  
o f  th e  m o lecu le , but th e  in t e n s i t y  o f  th e  U form phosphorescence  
d ecrea ses  in  p o lar  s o lv e n ts  r e la t iv e  to  the i n t e n s i t i e s  o f  the  
o th er  two ph osp horescen ces. In  th e ca se  o f  cv-in eth ylacety laceton e, 
th e  f a c t  th a t  th e phosphorescence o f  th e W form i s  n o t observed  
i s  c o n s is t e n t  w ith  the c a lc u la te d  r e s u l t  th a t in d ic a te s  th a t th e W 
form in  t h i s  system  i s  l e a s t  s ta b le  by a s ig n i f i c a n t  amount. In 
a d d it io n , th e  phosphorescence o f  th e  W form i s  p red ic ted  to  be 
betw een th o se  o f  th e S and th e U forms; con seq u en tly  th e W form 
phosphorescence from p o lar  s o lv e n t s ,  in  which i t  i s  expected  to  be 
more in t e n s e ,  should be masked by th e S phosphorescence. The ex­
perim en ta l fa c t  th a t th e U phosphorescence o f  the arm ethyl compound 
i s  more in te n se  r e la t iv e  to  the S phosphorescence than i t  i s  from 
a c e ty la c e to n e  supports the c a lc u la te d  r e s u l t  th a t the U and the S 
an ion s o f  a -m eth y la ce ty la ce to n e  have e s s e n t ia l l y  the same s t a b i l i t y ,  
w h ile  in  th e ca se  o f  a c e ty la c e to n e , th e  S i s  somewhat more s ta b le  
than the U form. The S phosphorescence s t i l l  in c r e a se s  r e la t iv e  
to  th e  U phosphorescence upon in c r ea s in g  the so lv e n t  p o la r ity ;  
the S phosphorescence i s  n o t ob servab le  in  nonpolar s o lv e n t s .  These 
fa c t s  are  c o n s is t e n t  w ith  th e la r g e r  d ip o le  moment c a lc u la te d  fo r  
th e S form.
I f  the th ree  forms o f  th e an ion  cannot e q u il ib r a te  
during the t r i p l e t  s t a t e  l i f e t im e ,  a lte r n a te  ex p la n a tio n s  fo r  th ese  
experim en tal fa c t s  are a v a i la b le .  The in c r e a se  in  the S anion  
phosphorescence from p o lar  so lv e n t  s o lu t io n s  may be due to  an 
in c r e a se  in  the co n cen tra tio n  o f  th e S en o l in  th ese  s o lv e n ts .  The 
disappearance o f  th e  W anion phosphorescence o f  <*-m ethylacetylacetone  
may be due to the fa c t  th a t i t s  phosphorescence i s  p red ic ted  to  
occur between th o se  o f  th e  U and th e S forms; th e r e fo r e , i t  may 
ju s t  be hidden. However, th e se  ex p la n a tio n s  th a t are based on the  
assum ption th a t th ere  i s  no eq u ilib r iu m  between th e anions have one 
major flaw  - i f  th e in c r e a se  in  S phosphorescence i s  due to  an i n ­
c rea se  in  S en o l co n cen tra tio n  in  p o lar  s o lv e n t s ,  then th e S anion  
phosphorescence o f  Q '-m ethylacetylacetone should  be s tro n g er  r e la t iv e  
to  i t s  U anion phosphorescence than i s  th e S anion  phosphorescence  
o f  a c e ty la c e to n e  r e la t iv e  to  i t s  U anion  phosphorescence, because  
th e co n cen tra tio n  o f  u n ch ela ted  en o ls  o f  Q f-m ethylacetylacetone i s  
h ig h er  than th a t o f  th e  u n ch ela ted  e n o ls  o f  a c e ty la c e to n e  according  
to  a l l  o f  th e ev id en ce  p r e v io u s ly  c i t e d .  However, th e o p p o site  
o b serv a tio n  has been made; th e S anion phosphorescence r e la t iv e  to  
th e U anion  phosphorescence i s  la rg er  in  the ca se  o f  a c e ty la c e to n e .  
Another a l t e r n a t iv e  i s  an ex p la n a tio n  based on d is s o c ia t io n  o f  
n e u tra l m olecu les in  th e  e x c ite d  s t a t e s .  However, t h is  ex p la n a tio n  
a ls o  s u f fe r s  from th e  problem th a t th e S form o f  th e en o l has a 
h ig h er  co n cen tra tio n  in  th e  crm eth y la cety la ce to n e  system  than in  
th e a c e ty la c e to n e  system ; th er e fo re  th e r e s u lta n t  S anion phosphores­
cence should  be more in te n se  from crm eth y la cety la ce to n e  s o lu t io n s .
E xp erim en ta lly  th e  S an ion  phosphorescence i s  more in te n se  r e la t iv e  
to  the U anion phosphorescence in  th e a c e ty la c e to n e  system  than 
in  th e Q '-m ethylacety laceton e system . The assum ption th a t a l l  th ree  
an ion s a t t a in  some s o r t  o f  eq u ilib r iu m  in  the t r i p l e t  s t a t e  seems 
to  lead  to  th e  most c o n s is t e n t  ex p la n a tio n s  o f  th e experim en ta l d a ta .
There i s  one minor problem w ith  a l l  o f  th e  assignm ents  
o f  th e  phosphorescences th a t have been made. The experim ental data  
shows th a t  th e  S an ion  phosphorescence o f  a -m eth y la cety la ce to n e  i s  
r e d - s h if t e d  r e la t iv e  to  th e  same phosphorescence o f  a c e ty la c e to n e ;  
th e c a lc u la t io n s  p r e d ic t  a s l i g h t  b lu e  s h i f t .  However, th is  
d iscrep a n cy  i s  not too  d is tu r b in g  fo r  two rea so n s.
(1 ) The S an ion  phosphorescence i s  broad and s tr u c tu r e le s s  
co n seq u en tly , i t  i s  d i f f i c u l t  to  determ ine the band maximum. A l l  
th a t  can be sa id  i s  th a t th e maximum o f  the band o f  cy-m ethylacety l- 
aceto n e  i s  r e d -s h if t e d  r e la t iv e  to  th a t o f  a c e ty la c e to n e .
(2 ) The W anion  phosphorescence was p red ic ted  to  l i e  
betw een th e S and th e U phosphorescences o f  a -m eth y la ce ty la ce to n e ;  
co n seq u en tly  some W phosphorescence could  e a s i ly  make the S 
phosphorescence appear to  be more r e d -s h if t e d  than i t  r e a l ly  i s .
CHAPTER IV - CONCLUSIONS AND SUMMARY
A ssignm ents have now been made fo r  a l l  th e s p e c tr a l  bands 
th a t were observed by Cheng from the a c e ty la c e to n e  and Q'-methyl- 
a c e ty la c e to n e  sy stem s. These assignm ents have been based on CNDO/2  
and CNDO/S c a lc u la t io n s  on th ese  system s, and they have been d i s ­
cu ssed  in  d e t a i l  in  th e p rev iou s ch ap ter . Table XX i s  a summary o f  
a l l  th e experim en ta l s p e c tr a l  bands th a t were observed by Cheng 
along w ith  th e ir  th e o r e t ic a l  assignm ents and th e  t h e o r e t ic a l  wave­
len g th s fo r  th ese  bands. F igure 21 i s  a graphic r e p r e se n ta t io n  o f  
th e  same in fo rm a tio n .
In  h a l f  o f  th e  ca ses  th e assignm ents made in  th is  work 
agree w ith  th e ones made by Cheng th a t were based on p u rely  experim en­
t a l  r e s u l t s .  In  th e o th er  h a l f ,  p a r t ic u la r ly  th e  e m iss io n s , d i f f e r e n t  
assign m ents were made in  t h is  work, and th ese  assign m ents seem to  
f i t  th e  th e o r e t ic a l  and exp erim en ta l data b e t t e r .  In g e n e r a l, i t  
was found th a t a model o f  th e  an ion  th a t was a llow ed  to  r o ta te  
about th e  C3 - C5 bond produced assignm ents which agree  b e t t e r  w ith  
th e  exp erim en ta l e le c tr o n ic  bands than did Cheng's model o f  d i f f e r e n t  
geom etries th a t have c h a r a c t e r is t ic s  o f  sp2 or sp 3 h y b r id iz a t io n  
a t the 3 "carbon. I t  should  be remembered, however, th a t on ly  a 
lim ite d  number o f  p o s s ib le  conform ations o f  th e se  m olecu les  were 
con sid ered ; i t  i s  p o s s ib le  th a t o th er  coord in ate  changes cou ld  
produce a lte r n a te  ex p la n a tio n s  fo r  th e  p o s s ib le  geom etries  o f  the  
a n io n s.
TABLE XX
Assignm ent o f  S p e c tr a l Bands o f  A cety la ce to n e  
and a -M eth v la cetv la ceto n e
*System
AcAc Vapor 
AcAc in  3MP 
Of-AcAc in  3MP 
Of-AcAc in  ~̂>MP 
AcAc in  B 
a-AcAc in  B 
a-AcAc in  B
AcAc in  JMP 
Of-AcAc in  JMP
AcAc in  EPA 
AcAc in  EPA 
AcAc in  EPA 
a-AcAc in  EPA 
Of-AcAc in  EPA




A bsorptions  
262 C helated U Enol
271 C helated U Enol
2 8 6 .5  C helated U Enol
2^7 .5  S Enol#
29  ̂ U Anion
309 U Anion
257 S Anion#
F lu orescen ces
352 115°  Anion#
353 120°  Anion#
Phosphorescences  
it-15 S Anion#





2 6 1 .6
261.6
2 7 6 .2
222.3
2 6 8 .8
280.it-
2 6 7 .9
329^
3 3 ^ - 9






3MP = 3-m eth ylpentane, B = .1  N NaOEt in  EtOH, AcAc = a c e t y l ­
a c e to n e , aAcAc = cv-me thy la c e  ty  la c e  to n e .
A l l  o f  th ese  assignm ents are th e  low est energy tt- tt t r a n s i t io n s .  
# D isa g rees  w ith  Cheng's o r ig in a l  assign m en t.
1—Absorptions—| Fluorescences I— Phosphorescences— I
E x p e r im en ta l -*














115°  Anion 
120°  Anion
W a v e le n g th (n m )
== a cety la ce to n e
I -=s a -m eth y lacety laceton e
Figure 21 . Assignment o f  sp e c tr a l bands o f  a ce ty la ce to n e  and or-m ethylacetylacetone.
I t  in  n o t claim ed th a t th e assignm ents made here are  
u n eq u ivoca l; a l l  th a t can be s a id  i s  th a t  th ese  assignm ents seem  
to  be th e most c o n s is t e n t  w ith  th e exp erim en ta l and t h e o r e t ic a l  
r e s u lt s  a t  t h is  tim e. However, th e  o th er  p o s s ib le  assignm ents or 
models o f  th e  m olecu les  ( in c lu d in g  Cheng's m odel) cannot be ru led  
out u n eq u iv o c a lly . I t  i s  f e l t  th a t  th e  model o f  th e  anions o f  
a c e ty la c e to n e  and r e la te d  compounds th a t  perm it r o ta t io n  about the  
C3 - C5 bond can t i e  to g e th e r  and make some sen se  o f  a la r g e  body 
o f  experim en ta l e le c t r o n ic  sp e c tra  o f  th e se  compounds.
PART II  
FLUOROBIPHENYLS
CHAPTER I - INTRODUCTION
Previous work done in  t h is  lab oratory108 has shown th at  
th e  f lu o r e sc e n c e s  o f  both 2-p henylnap hth alene and b ip hen yl become 
sh arp ly  s tr u c tu r ed  when th ey  are  e x c ite d  in  the low energy t a i l  o f  
th e lo w est energy a b so rp tio n  band. This s tr u c tu r ed  em issio n  was 
in te r p r e te d  to  be one th a t r e s u l t s  from a narrow d is t r ib u t io n  o f  
e x c ite d  conform ers p h o to se le c te d  by the low energy e x c i t a t io n .  The 
d is t r ib u t io n  o f  p h o to se le c te d  conform ers i s  cen tered  near the planar  
conform ation  and i s  l e s s  e n e r g e t ic  and narrower than th e d is t r ib u t io n  
th a t  norm ally  r e s u lt s  from h ig h er  energy e x c i t a t io n s .  C a lc u la tio n s109  
by means o f  th e P a r iser -P a rr -P o p le  MO procedure w ith  c o n fig u r a t io n  
in t e r a c t io n  produced ground and f i r s t  e x c ite d  s t a t e  p o te n t ia l  curves  
( fo r  th e s in g le t  s t a t e s )  fo r  2 -phenylnap hth alene th a t are shown in  
Figure 2 2 . These c a lc u la te d  r e s u l t s  f i t  the exp erim en ta l fa c t s  
q u ite  w e l l ;  th e  f ig u r e  in d ic a te s  th a t the low energy t a i l  o f  the  
lo w est energy a b so rp tio n  band i s  th e r e s u l t  o f  ab so rp tio n  by planar  
and n ear-p lan ar  m o le c u le s . The e x c ite d  m olecu les th a t r e s u lt  from
108. Hughes, E . , Wharton, J . H ., and Nauman, R. V ., J . Phvs. Chem. ,
I I ,  309T (isn).
109. H olloway, H. E ., Nauman, R. V ., and Wharton, J . H ., J . Phvs. 


















3 2  2 0 0  cm
3 3 13 0  c m
0  - -
- 2 -
10 0  10 2 0  3 0  4 0  5 0  6 0  7 0  8 0
9 ( d e g r e e s )
F ig u r e  2 2 . P o t e n t i a l  e n e rg y  d ia g ra m  f o r  t h e  g ro u n d  and  f i r s t
e x c i t e d  s i n g l e t  e l e c t r o n i c  s t a t e s  o f  2 - p h e n y l n a p h t h a ­
l e n e .  The t r a n s i t i o n  e n e r g i e s  a r e  c a l c u l a t e d  e n e r g i e s .
e x c i t a t io n  in  th is  low energy a b so rp tio n  r eg io n  are  planar or  
n ear-p lan ar  and are in  or are very  near the most s ta b le  conform ation  
o f  the lo w est e x c it e d  s in g le t  s t a t e .  A t low tem perature in  g la s s y  
s o lu t io n  e q u il ib r a t io n  o f  th e  e x c ite d  m olecu les  produced by the low 
energy e x c i t a t io n  i s  h in dered  by s o lv e n t  r ig id i t y  and lack  o f  ex cess  
e x c i t a t io n  energy and i s  n o t a t ta in e d  b efo re  em issio n  occu rs; thus  
th e  observed sharper em issio n  i s  th a t  o f  a  n o n eq u ilib ra ted  c o l l e c t io n  
o f  n ea r -p la n a r  m o le c u le s . Normal e x c i t a t io n  a t  h ig h er  en erg ie s  
produces a broad d is t r ib u t io n  o f  conform ers th a t i s  cen tered  rath er  
fa r  from th e  p lanar e x c it e d  conform ation . There i s  e x c i t a t io n  energy  
in  ex ce ss  o f  th a t needed to  a t t a in  k in e t i c a l ly  an eq u ilib r iu m  
d is t r ib u t io n  o f  e x c ite d  conform ers, and s ig n i f i c a n t  e q u il ib r a t io n  
tak es p la ce  b e fo r e  em issio n  o c cu rs . The la rg e  Stokes s h i f t  i s  
ev id en ce  fo r  th e  e q u il ib r a t io n , and th e  broader, h ig h er  energy em is­
s io n  i s  ev id en ce  fo r  th e  su p e r p o s it io n  o f th e  em issio n s  from many 
conform ers in  a broader, h ig h er  energy d is t r ib u t io n  th a t  co n ta in s  
many h igh  energy form s.
Further exp erim en ta l work110 showed th a t  f lu o re n e , 1, 2 - 
b en z flu o ren e , and 2 / -m eth y l-2 -p h en y ln ap h th a len e  a l l  show very  l i t t l e  
i f  any low energy e x c i t a t io n  e f f e c t .  S in ce  i t  i s  n ecessa ry  th a t  
th ere  be a d if fe r e n c e  between th e  most s ta b le  conform ation o f  the  
ground s t a t e  and th a t o f  th e  f i r s t  e x c it e d  s i n g l e t  s t a t e  and s in c e  
th e d is t r ib u t io n  o f  conform ers in  th e ground s t a t e  must perm it 
e x c i t a t io n  o f  ex p er im en ta lly  a c c e s s ib le  numbers o f  m olecu les to  the
110 . Hughes, E . , e t a l . ,  op. c i t .
m ost s ta b le  e x c ite d  s t a t e  conform ation in  order fo r  th is  e x c i t a t io n  
e f f e c t  to  be observed , no e x c i t a t io n  e f f e c t  was exp ected  in  the  
ca se  o f  th e bridged compounds, f lu o ren e  and 1, 2 -b en zflu o ren e . The 
m ethylene b r id g es  in  th ese  two compounds hold  the m olecu les in  
e s s e n t ia l l y  p lan ar co n fig u ra tio n s  in  a l l  e le c tr o n ic  s t a t e s .  The 
la ck  o f  an e x c it a t io n  e f f e c t  in  the case  o f  2 '-m eth y l-2 -p h en y l-  
naphthalene must mean th a t  th e  s t e r i c  r e p u ls io n  between the m ethyl 
group and the hydrogen a t  th e 1 -p o s it io n  o f  th e naphthyl r in g  i s  
s u f f i c i e n t  n o t o n ly  to  keep the m olecu le  from becoming p lanar in  
any e le c tr o n ic  s t a t e  but a ls o  to  l im it  th e  d is t r ib u t io n  o f  conformers 
to  e s s e n t ia l l y  th e same angu lar reg io n  in  a l l  s t a t e s .  C onsequently  
th e  ground and f i r s t  e x c ite d  s in g le t  s t a t e s  cannot be very d if f e r e n t  
g e o m e tr ic a lly , and no e x c it a t io n  e f f e c t  should be ex p ected . There­
fo r e , a la ck  o f  r ig id i t y  o f  the m olecu le in  th e ground s t a t e  ( in  
order to  p op u late  and hence be a b le  to  observe th e a b so rp tio n  o f  
many conform ers) and a s ig n i f i c a n t  d if fe r e n c e  in  conform ation between  
th e  ground and f i r s t  e x c ite d  s in g le t  s t a t e s  ( in  order to  in su r e  th a t  
th e lo w est energy a b so rp tio n  does n o t occur a t  th e ground s t a t e  
eq u ilib r iu m  conform ation) are  n ecessa ry  c o n d it io n s  fo r  ob serv in g  a 
low energy e x c i t a t io n  e f f e c t  o f  t h is  k in d .
Once th ese  two id ea s  are a ccep ted , i t  becomes lo g ic a l  to  
u se th e  presence or absence o f  such an e x c it a t io n  e f f e c t  a lon g  w ith  
o th er  exp erim en ta l in form ation  such as S tokes s h i f t  and e le c tr o n  
d i f f r a c t io n  data to  o b ta in  in form ation  about the shapes o f  the  
e le c tr o n ic  p o te n t ia l  curves and in tera n n u la r  in te r a c t io n s  th a t  have 
pronounced e f f e c t s  on m olecu lar conform ations. This experim en ta l
in fo rm a tio n  and the r e s u lta n t  p r e d ic t io n s  about the shapes o f the  
e le c tr o n ic  p o te n t ia l  curves can then be compared w ith  p r e d ic tio n s  
th a t  are based on c a lc u la t io n s .  The most f r u i t f u l  approach to  
c a lc u la t io n s  fo r  t h is  type o f  system  has been to  assume sigm a-p i 
s e p a r a b i l i ty ,  to  c a lc u la te  the p i e le c t r o n ic  energy by means o f  
standard m olecu lar o r b it a l  tech n iq u es such as the P a r iser -P a rr -P o p le  
procedure, and then to  add to  t h is  p i energy a s t e r i c  r ep u ls io n  
term fo r  th e non-bonded in te r a c t io n s  between the r in g s  . 11:L ,1 1 2 ,1 1 3 '114 
CNDO methods were t r ie d  in  order to  make th e se  c a lc u la t io n s ,  but 
th e r e s u lt s  have g iv en  an angu lar dependence o f  th e  p o te n t ia l  curves 
th a t  i s  o b v io u sly  u n reason ab le . M om icchioli e t  a l . 115 have obtained  
r e s u lt s  fo r  th e  p o t e n t ia l  fu n c tio n  o f  th e  ground and f i r s t  e x c ite d  
s in g le t  s t a t e s  o f  b ip h en y l th a t are s l i g h t l y  d i f f e r e n t  from previous  
c a lc u la t io n s  done in  t h is  la b o r a to r y ;116 w h ile  c a lc u la t io n s  done in  
t h is  la b o ra to ry  in d ic a te d  th a t th e  f i r s t  e x c ite d  s in g le t  s t a t e  i s  
b a s ic a l ly  p lan ar, M om icch io li1s c a lc u la t io n s  in d ic a te d  th a t th ere  i s  
a sm all b a r r ie r  th a t p reven ts p la n a r ity  in  th e  f i r s t  e x c ite d  s in g le t  
s t a t e .  Such a sm all b a r r ie r  does not preclude a low energy e x c it a t io n
111 . H olloway, H. E . , e t  a l . . op. c i t .
112. F arbrot, E. M ., and Skancke, P. N ., Acta Chem. Scand. . 2k ,
3 6 k 5 ( 1 9 T 0 ) .
113. H i l l ,  T. L . , J . Chem. Phvs. .  16 , 399  ( l 9*+8 ) .
11^ . Imamura, A ., and Hoffman, R ., J . Am. Chem. S o c . .  90 . 5379
(1 9 6 8 ).
115. M om icch io li, F . ,  Bruni, M. C ., and B a ra ld i, I . ,  J . Phvs. Chem. .  
1 6 , 3983 ( 1972) .
116 . H olloway, H. E ., e t  a l . . op. c i t .
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e f f e c t  b e c a u s e  t h e  b a r r i e r  i s  s m a l l e r  th a n  t h a t  o f  t h e  g ro u n d  s t a t e  
and t h e  s l o p e  o f  t h e  f i r s t  e x c i t e d  s t a t e  p o t e n t i a l  c u rv e  i s  
s t e e p e r  th a n  t h a t  o f  t h e  g ro u n d  s t a t e  a t  h i g h e r  a n g l e s .
Thus t h e  p r im a r y  e x p e r i m e n t a l  e v id e n c e  f o r  t h e  low e n e rg y  
e x c i t a t i o n  e f f e c t  i s  a  s h a r p e n i n g  o f  t h e  f l u o r e s c e n c e  and  a movement 
o f  t h e  f l u o r e s c e n c e  bands  t o  lo w e r  e n e rg y  upon e x c i t a t i o n  i n  t h e  
low e n e r g y  t a i l  o f  t h e  lo w e s t  e n e rg y  a b s o r p t i o n  band  o f  a  compound 
i n  g l a s s y  s o l u t i o n  a t  low t e m p e r a t u r e .  T hese  e f f e c t s  w ould  n o t  b e  
e x p e c t e d  t o  a p p e a r  a t  room t e m p e r a t u r e  f o r  a  compound i n  f l u i d  
s o l u t i o n  b e c a u s e  u n d e r  t h e s e  c o n d i t i o n s  t h e r e  s h o u ld  be  enough e x c e s s  
th e rm a l  e n e rg y  p r e s e n t  an d  r o t a t i o n  s h o u ld  be f r e e  enough t o  c a u s e  
c o m p le te  e q u i l i b r a t i o n  among t h e  d i f f e r e n t  c o n fo rm e rs  b e f o r e  
e m i s s i o n .  L ik e w is e ,  no low e n e rg y  e x c i t a t i o n  e f f e c t  w ould  be  e x ­
p e c t e d  i n  t h e  p h o s p h o re s c e n c e  b e c a u s e  t h e  l a r g e  e x c e s s  o f  v i b r a t i o n a l  
e n e rg y  i n  t h e  t r i p l e t  s t a t e  f o l l o w i n g  i s o e n e r g e t i c  i n t e r s y s t e m  
c r o s s i n g  from  t h e  e x c i t e d  s i n g l e t  s h o u ld  be s u f f i c i e n t  t o  c a u s e  
c o m p le te  e q u i l i b r a t i o n  among t h e  d i f f e r e n t  t r i p l e t  c o n fo rm e rs  
b e f o r e  e m is s i o n .  I n  a d d i t i o n ,  t h e  long  l i f e t i m e  o f  t h e  t r i p l e t  s t a t e  
s h o u ld  be an  added  h e l p  i n  a t t a i n i n g  e q u i l i b r i u m  b e f o r e  e m is s i o n .
The a b s e n c e  o f  t h i s  low e n e r g y  e x c i t a t i o n  e f f e c t  on t h e  f l u o r e s c e n c e s  
o f  b ip h e n y l  and  2 - p h e n y l n a p h t h a l e n e  a t  room t e m p e r a t u r e  and  on th e  
p h o s p h o r e s c e n c e s  o f  t h e  same compounds h a s  b e e n  c o n f i rm e d  e x p e r i ­
m e n t a l l y  by  e a r l i e r  w ork done i n  t h i s  l a b o r a t o r y . 117
117. Nauman, R. V .,  p r iv a te  com m unication.
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In t h is  work a s e r ie s  o f  flu o ro b ip h en y ls  was s tu d ied  in  
order to  in v e s t ig a t e  non-bonded in tera n n u la r  in t e r a c t io n s ,  2 -F lu o ro -  
b ip hen yl was s tu d ied  in  an attem pt to  lea rn  som ething about the  
h y d ro g en -flu o r in e  in tera n n u la r  in t e r a c t io n . I t  was thought th a t  
some type o f  a t t r a c t iv e  h y d ro g en -flu o r in e  in te r a c t io n  m ight e x i s t  
and would make th e  compound behave s p e c tr o s c o p ic a lly  l ik e  th e  f ix e d  
bridged  b ip h en y ls . 2 , 2 ' -D iflu o ro b ip h en y l was in v e s t ig a te d  because  
o f  the p o s s i b i l i t y  o f  the e x is te n c e  o f  two d if f e r e n t  isom ers - a 
c i s  isom er in  which th e f lu o r in e s  a re  in te r a c t in g  w ith  each o th er  
betw een the r in g s and a tran s isom er in  which each f lu o r in e  i s  in t e r ­
a c t in g  w ith  a hydrogen on th e o th er  r in g . I f  the c i s  isom er i s  
predom inant, then the primary e f f e c t  on th e e le c tr o n ic  sp e c tra  
should  be a f lu o r in e - f lu o r in e  in tera n n u la r  in t e r a c t io n . I f  the  
trans isom er i s  predom inant, then th e primary e f f e c t  on the e le c tr o n ic  
sp e c tra  should be two h y d ro g en -flu o r in e  in tera n n u la r  in t e r a c t io n s .
4 -F lu orob ip h en yl was used as a c o n tr o l compound to  in su re  th a t the  
f lu o r in e 's  s t e r i c  e f f e c t  and n o t i t s  e le c tr o n ic  e f f e c t  was bein g  
s tu d ie d . S in ce  i)--fluorob i phenyl i s  id e n t ic a l  w ith  b ip h en yl in  regard  
to  in tera n n u la r  in t e r a c t io n s ,  th e  e x c it a t io n  r e s u lt s  should be 
s im ila r  to  th o se  o f  b ip h en y l.
The a b so rp tion  spectrum  and em issio n  spectrum  o f  2 - f lu o r o -  
b ip h en yl and the em issio n  spectrum  o f  4 -flu o ro b ip h en y l in  a hydro­
carbon g la s s  a t  77°  K were determ ined p r e v io u s ly  in  th ese  la b o r a to r ie s  
by K ing . 118 In th e ca se  o f  2 -f lu o r o b ip h en y l, he observed sh ou ld ers
118 . King, J . R ., Ph.D. D is s e r ta t io n , L ou isiana S ta te  U n iv e r s ity ,  
Baton Rouge (1 9 6 9 ).
on th e low est energy a b so rp tio n  band a t  272 nra (36 800 cm 1 ) ,  280 
nm (35 700 cm x ) ,  and p o s s ib ly  283 nm (33 100 cm x ) ,  and flu o re sce n c e  
em issio n  bands a t  2 9 2 .0  nm (3^ 250 cm x ) ,  303*7 nm (52 930 cm 1 ) ,  
and 315*0 nm (31 750  cm 1 ) .  In  the c a se  o f  k -f lu o r o b ip h e n y l, King 
observed f lu o re sce n c e  bands a t  3 0 ^ .0  nm (32 900 cm x ) ,  315*0 nm 
(31 750 cm"1 ) ,  and 3 2 5 .0  nm (30  770  cm"1 ) .
There have been s e v e r a l exp erim en ta l and th e o r e t ic a l  
s tu d ie s  o f  th e  eq u ilib r iu m  a n g le  between th e  r in g s  in  th e ground 
s t a t e s  o f  b ip h en y l and s u b s t itu te d  b ip h e n y ls . B a stia n sen  and 
Smedvik119 ob ta in ed  e le c tr o n  d i f f r a c t io n  data and measured the an g le  
between th e  r in g s  o f  b ip h en y l in  th e gas phase to  be h-2 d e g r ee s .  
Suzuki120 used a b so rp tio n  data from experim ents on c r y s t a l l in e  and 
gaseous b ip h en y l a lon g  w ith  sim p le P a r iser -P a rr -P o p le  M0 c a lc u la t io n s  
to  conclude th a t the eq u ilib r iu m  conform ation  o f  b ip h en y l in  
s o lu t io n  i s  about 20  d e g r ee s . This s o lu t io n  v a lu e  has n o t been 
confirm ed e x p er im en ta lly , but i t  seems rea so n a b le . B atiansen  and 
Smedvik121 a ls o  measured the in tera n n u la r  a n g le  o f  a s e r ie s  o f  
s u b s t itu te d  b ip h en y ls  in  th e vapor phase by e le c tr o n  d i f f r a c t io n  
tech n iq u es. They ob ta in ed  k 9 d egrees fo r  th e in tera n n u la r  an g le  o f  
2 - flu o ro b ip h en y l, 60 degrees fo r  th a t o f  2 , 2 '-d if lu o r o b ip h e n y l ,
J k  d egrees fo r  th a t  o f  2 , 2 '-d ic h lo r o p h e n y l, and 75 degrees fo r  th a t
119. B a stia n sen , 0 . ,  and Smedvik, L . , Acta Chem. Scand. ,  8 , 1593 
( 195*0 *
120. Suzuki, H ., B u ll. Chem. Soc. Japan. 52 , 13*10 ( 1959)*
121 . B a stia n sen , 0 . ,  and Smedvik, L ., op. c i t .
o f  2 , 2 *-dibrom obiphenyl. In the ca se  o f  the 2 , 2 / s u b s t itu te d  
b ip h e n y ls , th e  e le c tr o n  d i f f r a c t io n  r e s u lt s  in d ic a te  th a t the  
measured an g les  correspond to  th e c i s  isom ers ( in  which th e  halogen s  
are in te r a c t in g  w ith  each o th er  between th e  r in g s ) ,  a lth ough  a 
m ixture o f  c i s  and trans conform ers i s  a ls o  c o n s is t e n t  w ith  th e  
experim en ta l d a ta .
Farbrot and Skancke,122 u s in g  a techn iq u e th a t combines 
th e co n ju gation  energy and non-bonded in t e r a c t io n  energy , performed 
c a lc u la t io n s  which produced p o t e n t ia l  curves o f  th e  ground s t a t e  
o f  s e v e r a l flu o ro b ip h en y ls  as a fu n c tio n  o f  th e  in tera n n u la r  a n g le .
In  the ca se  o f  2 - flu o ro b ip h en y l, t h e ir  c a lc u la t io n s  p r e d ic t  th e  
eq u ilib r iu m  an g le  o f  2 - flu o r ib ip h e n y l to  be about 30 d e g r ee s , which  
i s  somewhat sm aller, than th e measured gas phase a n g le  o f  k-9 
d e g r e e s .123 Farbrot and Skancke a ttr ib u te d  th is  d iscrep a n cy  to  too  
la r g e  a co n ju gation  energy in  t h e ir  c a lc u la t io n s .  In th e ca se  o f  
2 , 2 / -d if lu o r o b ip h e n y l, t h e ir  c a lc u la t io n s  p r e d ic t  th e tran s conformer 
to  be s l i g h t l y  more s ta b le  than the c i s  conform er; th e tran s conformer 
i s  p red ic ted  to  have an eq u ilib r iu m  an g le  near J>0 d e g r ee s , and the. 
c i s  conform er i s  p red ic ted  to  have an eq u ilib r iu m  a n g le  near 60 
d e g r ee s . In a d d it io n , th e  b a r r ie r  to  p la n a r ity  i s  p red ic ted  to  be 
much h ig h er  fo r  the c i s  form than fo r  th e  tran s form.
122 . Farbrot, E. M., and Skancke, P. N ., op. c i t .
123* B a stia n sen , 0 . ,  and Smedvik, L ., op. c i t .
CHAPTER I I -  EXPERIMENTAL
S o lv en ts
3 “M ethylpentane was th e p r in c ip a l s o lv e n t  in  which 
compounds were d is s o lv e d  fo r  th e d eterm in a tio n  o f  t h e ir  ab so rp tio n  
sp e c tr a . The em issio n  sp ectra  were ob ta in ed  on ly  from s o lu t io n s  
in  which 3"meth y lp en tan e  was th e  s o lv e n t .  P h i l l ip s  Petroleum  
Company te c h n ic a l grade 3 -m ethylpentane was p u r if ie d  by repeated  
washings w ith  fuming s u lf u r ic  a c id  fo llo w ed  by a s low  d i s t i l l a t i o n  
over sodium. The p rocess i s  d escr ib ed  in  d e t a i l  e lse w h e r e .124 
The p u r if ie d  product had no a p p rec ia b le  a b so rp tio n  a t  w avelengths  
lo n g er  than 250 nm; very  weak em issio n s could  be observed a t  
w avelengths g r e a te r  than 300 nm from some o f  th e so lv e n t  sam ples. 
These weak em ission s were con sid ered  c a r e fu l ly  fo r  th e  p o s i b l l i t y  
th a t they m ight have a f f e c te d  some o f  th e  s p e c tr a l  changes noted  
in  each c a se .
EPA (a so lv e n t  m ixture o f  5 p a rts  o f  e th y l  e th e r , 5 parts  
o f  iso p en ta n e , and 2 p arts o f  e th y l  a lc o h o l by volume) was used as 
a so lv e n t  for  some sam ples fo r  which room tem perature sp ectra  were 
ob ta in ed . A b o t t le  o f  i t  had been p u r if ie d  by a prev iou s i n v e s t i ­
ga tor  in  th is  la b o r a to r y ,125 and i t  was found to  show no a p p rec ia b le  
ab so rp tio n  a t  w avelengths g r e a te r  than 240 nm.
124 . H ollow ay , H. E . ,  Nauman, R. V . ,  and  W h ar to n ,  J .  H . , J .  P h v s . 
Chem. , 7 2 , 4468 (I9 6 8 ) .
125. Hughes, E . , Ph.D. D is s e r ta t io n . L ou isian a  S ta te  U n iv e r s ity ,  
Baton Rouge ( l$ 7 l ) •
Compounds
2 - F luorobi phenv1
2 -F lu orob ip h en yl was a product o f  K & K L a b o ra to r ies , was 
r e c e iv ed  more than four years ago, and was used by another  
in v e s t ig a to r 126 in  t h is  la b o ra to ry . The compound was c r y s t a l l in e  
and c o lo r le s s  when r e c e iv e d , and i t  was p u r if ie d  a t  th a t tim e by 
means o f  fou r c r y s t a l l i z a t io n s  from 95 per cen t a lc o h o l fo llow ed  by 
two vacuum su b lim a tio n s . The compound had been s e a le d  t ig h t ly  s in c e  
i t s  p u r if ic a t io n , and n e ith e r  i t s  appearance nor i t s  sp ectra  had 
changed. A gas chromatogram showed a p o s s ib le  in d ic a t io n  o f  a m inute 
amount o f  im p u rity , but fu r th e r  attem p ts to  p u r ify  the compound 
produced the c o n v ic t io n  th a t th e im p u rity , i f  p re se n t, was e ith e r  
n on em issive or was produced by a r e a c t io n  in  th e  gas chromatograph. 
The sample th a t was p u r if ie d  four years ago was used in  th is  work. 
C oncentrations o f  t h i s  compound th e sp ec tra  o f  which were determ ined  
ranged between 2 x  10"3 and 10 “5 M.
^■-Fluorobi phenvl
The sample o f  L-- flu o ro b ip h en y l had the same h is to r y  as 
th a t o f  2 - f lu o ro b ip h en y l. A gas chromatogram showed no ev id en ce o f  
im p u rity , and the sample was used w ith ou t fu rth er  p u r if ic a t io n .  
C oncentration s o f  t h is  compound th e sp e c tra  o f  which were determ ined  
ranged between 2 x 10"3 and 10“s  M.
2 . 2 ' - P i  f l u o r o b i  p h e n y l
2 ,2 / -D iflu o ro b ip h en y l was a product o f  K & K L a b o ra to r ies . 
I t  was c r y s t a l l in e  and c o lo r le s s  when r e c e iv e d , and i t s  a b so rp tio n  
sp e c tra  showed no ev id en ce  o f  im p u r it ie s . A gas chromatogram made 
under c o n d it io n s  which shou ld  have produced maximum r e s o lu t io n  (a  
column d esign ed  fo r  p o la r  m olecu les  m ain tained  a t  th e  low est tem per­
a tu re  a t  which th e compound would tr a v e l  through th e column) showed 
no ev id en ce  o f  any im p u rity . I t  was used w ith o u t any p u r if ic a t io n .  
C oncentrations o f  t h is  compound the sp e c tra  o f  which were determ ined  
ranged between 2 x 10*3 and 10"5 M.
O th e r  B ip h e n y l  D e r i v a t i v e s
3 ,3  ' -D if lu o r o b ip h en y l, ^ ,4  ' -d if lu o r o b ip h e n y l ,  
d ic h lo ro b ip h e n y l, and 4 ,^ / -dibrom obiphenyl were products o f  K 4  K 
L a b o ra to r ies . Some o f  th e se  compounds con ta in ed  sm all amounts o f  
im p u r it ie s ;  no attem p t was made to  p u r ify  them because th e sp ec tra  
th a t were obta ined  w ere s u f f i c i e n t  fo r  th e  purpose o f  e s t a b lis h in g  
th e  p o s it io n s  o f  th e  co n ju g a tio n  bands, which would n o t be a f f e c te d  
by sm all amounts o f  im p u r it ie s .
A p p a ra tu s
A ll  a b so rp tio n  sp ec tra  were ob ta in ed  by means o f  a Cary 
1  ̂ spectrop hotom eter operated  in  th e double beam mode. The r e fer en ce  
was pure s o lv e n t ,  and both th e  so lv e n t  r e fe r e n c e  and th e sample 
were conta in ed  in  one cm square fu sed  h igh  q u a lity  uv s i l i c a  c e l l s  
fo r  room tem perature sp e c tr a . In order to  o b ta in  th e  low tem perature
sp e c tr a  both the s o lv e n t  re feren ce  and the sample were coo led  to  
l iq u id  n itro g e n  tem perature by immersing id e n t ic a l  c y l in c r ic a l  
fu sed  h igh  q u a lity  UV s i l i c a  c e l l s  (one cm th ick ) in  which the 
sample and r e fe r e n c e  were conta in ed  in  l iq u id  n itro g e n  con ta in ed  
in  n e a r ly  id e n t ic a l  quartz dewars th a t  have h igh  q u a lity  UV s i l i c a  
windows.
A l l  e m iss io n  work was done w ith  th e Wharton-Hughes 
spectrop hotom eter system  th a t was d esign ed  by P ro fe sso r  J . H. Wharton 
and b u i l t  by Dr. E. Hughes. I t  co n ta in s  both e x c it a t io n  and em ission  
monochromators and i s  capable o f  d e te c t in g  very low l ig h t  i n t e n s i t i e s .  
The system  i s  d e scr ib ed  in  d e t a i l  e lse w h e r e . 127’128 Two a d d itio n s  
to  th e  instrum en t th a t  have been made s in c e  i t  was b u i l t  are  
d escr ib ed  in  th e fo llo w in g  paragraphs.
A Nova 1200 m inicom puter was r e c e n t ly  obtained  by the  
Chem istry Departm ent, and a program was w r it te n  to  in te r fa c e  i t  w ith  
th e Wharton-Hughes sp ectrop h otom eter by H. R. S t r e i f f e r ,  C. C.
Reames, and J . J . Bourg. This program i s  capable o f  s ig n a l-a v e r a g in g  
a spectrum , s to r in g  i t ,  and c o r r e c t in g  i t  fo r  the c h a r a c t e r is t ic s  
o f  e i t h e r  th e l ig h t  s o u r c e -e x c ita t io n  monochromator u n it  or the  
em issio n  m onochrom ator-photom ultip lier u n it .  The former c o r r e c tio n  
i s  u s e fu l  to  c o r r e c t  e x c i t a t io n  sp e c tr a , w h ile  the l a t t e r  c o r r e c tio n
127. Hughes, E ., Wharton, J . H ., and Nauman, R. V ., J . Phvs. 
Chem., 15., 309T ( 1S7 1 ) .
128. Hughes, E ., Ph.D. D is s e r t a t io n . L ou isian a  S ta te  U n iv e r s ity ,  
Baton Rouge ( 1971)•
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i s  n e e d e d  to  c o r r e c t  t h e  e m i s s i o n  s p e c t r a .  I n  a d d i t i o n ,  t h e  
p ro g ra m  c a n  r e p l o t  t h e  s p e c t r u m  t o  g i v e  cm 1 u n i t s  a s  t h e  a b s c i s s a  
( t h e  o r i g i n a l  a b s c i s s a  u n i t  i s  th e  A) i n  e i t h e r  t h e  c o r r e c t e d  o r  
u n c o r r e c t e d  fo rm , a n d  i t  c a n  a l s o  i n t e g r a t e  t h e  s p e c t r u m .  F i n a l l y  
t h e  s p e c t r u m  c a n  b e  punched  o n to  p a p e r  t a p e  f o r  c o n v e n i e n t  s t o r a g e .  
T h is  s y s t e m  was n o t  u s e d  i n  t h i s  w ork  b e c a u s e  i t  was n o t  y e t  
a v a i l a b l e  w h i l e  t h e  s p e c t r a  w e re  b e i n g  t a k e n .  T h e r e f o r e ,  n o n e  o f  
t h e  e m i s s i o n  s p e c t r a  h a s  b e e n  c o r r e c t e d  f o r  t h e  p h o t o m u l t i p l i e r  
r e s p o n s e . t
The o t h e r  im p ro v em en t t o  t h e  s y s t e m  w as a  new l i g h t  c h o p p e r  
b l a d e  t h a t  a l l o w s  t h e  i n s t r u m e n t  t o  b e  u s e d  i n  modes i n  w h ic h  o n ly  
f l u o r e s c e n c e ,  o n l y  p h o s p h o r e s c e n c e ,  o r  a l l  e m i s s i o n s  c a n  be  o b s e r v e d  
s im p l y  by  r e p o s i t i o n i n g  t h e  l i g h t  c h o p p e r .  T h i s  b l a d e  h a s  a  d u a l  
s e t  o f  o p e n in g s  t h a t  a r e  p o s i t i o n e d  on t h e  b l a d e  i n  t h e  m a n n e r  shown 
i n  t h e  f o l l o w i n g  d ia g ra m .
0  s  OPEN
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When th e  c h o p p e r  i s  p o s i t i o n e d  su c h  t h a t  t h e  o u t e r  s e t  o f  o p e n in g s  
chop t h e  e m is s i o n ,  any  s h o r t - l i v e d  e m is s i o n  c a n  be  p h ased  o u t  by 
means o f  t h e  l o c k - i n  a m p l i f i e r  and  o n ly  t h e  p h o s p h o re s c e n c e s  re m a in  
to  b e  r e c o r d e d .  P h o s p h o re s c e n c e s  w i t h  l i f e t i m e s  on t h e  o r d e r  o f  
m i l l i s e c o n d s  o r  l o n g e r  can  b e  o b s e r v e d  by  means o f  t h i s  mode o f  
o p e r a t i o n .  I f  t h e  c h o p p e r  i s  p o s i t i o n e d  such  t h a t  o n ly  t h e  e x c i t i n g  
l i g h t  i s  chopped ,  o n l y  f l u o r e s c e n c e s  c a n  b e  o b s e rv e d  b e c a u s e  t h e  
p h o s p h o re s c e n c e  l i f e t i m e  i s  to o  lo n g  t o  a l l o w  t h i s  e m is s i o n  t o  re m a in  
i n  p h a s e  w i th  t h e  e x c i t i n g  l i g h t .  T h e r e f o r e ,  t h e  l o c k - i n  a m p l i f i e r  
w i l l  n o t  r e s p o n d  t o  an y  p h o s p h o re s c e n c e  i n  t h i s  mode o f  o p e r a t i o n .  
F i n a l l y ,  i f  o n ly  t h e  e m is s i o n  i s  ch o p p e d ,  t h e  i n s t r u m e n t  o p e r a t e s  i n  
a  t o t a l  e m is s io n  mode.
CHAPTER I I I  -  RESULTS
2 - F luorobi phenyl
The a b so rp tio n  spectrum  o f  2 - flu o ro b ip h en y l in  a 
hydrocarbon g la s s  a t  77°  K was determ ined, and the r e s u lt s  are  
ta b u la ted  in  Table XXI. These r e s u lt s  agree reasonably  w e ll  w ith  
K in g's  r e s u l t s ;123 th e  low energy t a i l  o f  th e ab so rp tio n  spectrum  
i s  shown in  F igure 2 3 *
In order to  lo c a te  p o orly  reso lv ed  sh ou ld ers in  the  
sp ec tra  a Fortran program was w r it te n  to  perform a num erical 
d i f f e r e n t ia t io n  o f  th e  s p e c tr a l d a ta . The program u ses formulas 
th a t r e s u l t  from p a ssin g  the b e s t  l e a s t  square f i t  o f  a th ird  
degree curve through groups o f  th r e e , f iv e ,  or seven  p o in ts  a t  a 
tim e and then tak es th e  f i r s t  d e r iv a t iv e  a t  the m id -p o in t . 130,131 
A lte r n a te  s p e c t r a l  p o in ts  can be used in  the c a lc u la t io n  in  order  
to  a ch iev e  fu r th e r  sm oothing o f  th e d e r iv a t iv e . Data fo r  use in  
the program were ob ta in ed  by read ing v is u a l ly  c lo s e ly  spaced p o in ts  
from th e sp e c tr a . An example o f  th e r e s u lta n t  output o f  the program 
i s  a ls o  shown in  F igure 23 which g iv e s  the d e r iv a t iv e  obtained  by 
u sin g  groups o f  f iv e  p o in ts  obta ined  from a lte r n a te  p o in ts  from
129- K ing, J. R ., op . c i t .
130 . The Chemical Rubber Company, Handbook o f  Tables fo r  M athem atics. 
R. C. Weast and S. M. S e lb y , E d ito r s , t̂-th E d it io n , p 879 
( 1S7 0 ) .




A bsorption  and Luminescence Frequencies o f  2 -F lu orob ip h en vl 
in  ^-M ethvlpentane a t  77°K
A bsorption




287 (?) 3b 8^0
F lu orescen ce
Hieh Enerev E x c ita t io n Low Enerev E x c ita t io n
\(nm) Enerev(cm 1 ) \(nm) Enerev(cm 1 )
291.9 3b 260 292.9 3lt- lit-0
303.2 32 980 3cA-.it- 32 850
315.0 31 750 315.O 31 750
Phosphorescence
Hieh Enerev E x c ita t io n Low Energy E x c ita t io n
X.(nm) Enerev(cm 1 ) \(nm) Enerev(cm 1 )
b 2 9 23 300 A29 23 300
b^b 22 000 22 000
bjQ 20 900 — ---------
Derivative
A bso rp t ion
2 8 9  2 8 8  2 8 7  2 8 6  2 8 5  2 8 4  2 8 3  2 8 2
W a v e l e n g t h  ( n m)
Figure Wj.  Low energy t a i l  o f  th e ab so rp tio n  spectrum o f  i? -flu oro  •
b iphenyl in  jj"meth y lp en tan e a t 77°  K and f i r s t  d e r iv a t iv e  
o f  the ab so rp tio n  spectrum .
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th e  2 - flu o ro b ip h en y l a b so rp tio n  spectrum . This type o f  a n a ly s is  
o f  s e v e r a l d i f f e r e n t  ab so rp tio n  sp e c tra  from which varying numbers 
o f  p o in ts  were used in  th e sm oothing p rocess lea d s  to  the 
co n c lu s io n  th a t th ere  i s  d e f in i t e ly  a sh ou ld er  a t  285 nm. The 
p o s s ib le  sh ou ld er  a t  287 nm i s  h ig h ly  q u estio n a b le  fo r  th ree  reasons:
(1 ) th e p o s it io n  o f  th e  287 nm sh ou ld er  v a r ie s  by as 
much as one nm from spectrum  to  spectrum;
(2 ) th ere  i s  an u n ce r ta in ty  o f  about ten  p ercen t in  
reading the s p e c tr a l i n t e n s i t i e s  in  the neighborhood o f  287 nm 
because o f the low in t e n s it y ;
(3 ) n o t a l l  o f  th e sp ectra  show ev id en ce  o f t h is  sh o u ld er .
In  com parison, th e  285 nm sh ou ld er  shows p o s i t io n a l  v a r ia t io n s  o f  
o n ly  0 .5  nm from spectrum  to  spectrum , has an u n c e r ta in ty  o f  about 
th ree  p ercen t in  s p e c tr a l  i n t e n s i t i e s  in  the reg io n  around 285 nm, 
and appears in  every  a n a ly s is  o f  every  spectrum . K in g's sh ou ld ers  
a t  280 nm appear as d e f in i t e ,  i f  d i f f u s e ,  bands in  th is  work.
The f lu o re sce n c e  em issio n  bands o f  2 - f lu o r ib ip h e n y l in  a 
hydrocarbon g la s s  a t  7 7 °  K ta b u la ted  in  Table XXI agree w e ll  w ith  
K in g's v a lu e s ; 132 the f lu o re sce n c e  sp ec tra  th a t r e s u l t  from both  
high  and low energy e x c it a t io n s  are shown in  F igure 2k a long  w ith  
th e ab sorp tion  spectrum  and the e x c i t a t io n s .  A d e r iv a t iv e  p lo t  
obta ined  by means o f  th e d e r iv a t iv e  program produced no c o n c lu s iv e  
ev id en ce fo r  any shou ld er  on the h igh  energy s id e  o f  th e  h ig h e s t  
energy flu o re sce n c e  band. F igure 2k  shows l i t t l e  obvious d if fe r e n c e
132. K ing, J . R ., op . c i t .
16k
between the flu o re sce n c e  sp ec tra  e x c ite d  by means o f  both the h igh  
and th e low energy r a d ia t io n . F igure 25 shows th e  sp ec tra  th a t  
r e su lte d  from slow in g  th e scan speed and record in g  the sp ectra  
s lo w ly ; in  th is  f ig u r e  sm all but c le a r ly  d e fin ed  d if fe r e n c e s  between  
th e flu o re sce n c e  sp ectra  th a t r e s u l t  from d i f f e r e n t  e x c it a t io n s  can 
be seen . These s p e c tr a l d if fe r e n c e s  are r ep ro d u c ib le . The low 
energy e x c it a t io n  causes an in c r e a se  in  s lo p e  o f  the h igh  energy  
s id e  o f  th e  h ig h e s t  energy f lu o re sce n c e  band, a movement o f  both o f  
th e  two h ig h e s t  energy f lu o re sce n c e  bands about one nm to  lon ger  
w avelen gth s, and a deepening o f  th e  v a l le y  between the two bands; 
th e  change in  s lo p e  and deepening o f  th e  v a l le y  occur in  s p i t e  o f  
th e  in f lu e n c e  o f  the e x c it in g  l i g h t  which i s  s c a t te r e d  in to  the  
d e te c to r . This s c a tte r e d  l ig h t  should  d ecrea se  th e s lo p e  o f  th e high  
energy s id e  o f  th e  f i r s t  f lu o r e sc e n c e  band and should d ecrea se  th e  
depth o f  th e v a l le y  between th e  f i r s t  and second bands; however, 
o b serv a tio n  o f  F igure 25 shows th a t th e  o p p o s ite  e f f e c t s  e x i s t .
These new p o s it io n s  o f  the f lu o re sce n c e  bands th a t r e s u lt  from low 
energy e x c it a t io n  are a ls o  g iv en  in  Table XXI. There were sm all 
changes in  the low energy p art o f  th e f lu o r e sc e n c e  spectrum , but 
th e se  changes were p o s s ib ly  caused by v a r ia t io n  in  th e  e x c it a t io n  o f  
weak so lv e n t  em iss io n s . A change in  s o lu t e  c o n cen tra tio n  had no 
ob servab le  e f f e c t  on any o f  th e  s p e c tr a l changes. In summary, the  
experim ental r e s u l t  i s  a sm all, d e f in i t e ,  rep ro d u c ib le  low energy  
e x c it a t io n  e f f e c t  th a t r e s u lt s  in  sharpening and moving the  
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Figure 2 b .  2 -F luorobiphenyl in  J-m ethylpentane a t  7 7 °  K. (a ) A bsorption spectrum, (b) 
Fluorescence spectrum produced by e x c ita t io n  ( c ) .  (d) F luorescence spectrum
produced by e x c ita t io n  in d ic a te d  in  the spectrum.
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Figure 25- F luorescence spectra  o f 2 -flu o ro b ip h en y l in  3~methylpentane a t 77° K. Slow scan s.
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No room tem perature e f f e c t  was exp ected , and the room 
tem perature f lu o r e sc e n c e  spectrum  o f  2 -f lu o r o b ip h en y l showed no low 
energy e x c it a t io n  e f f e c t  s in c e ,  as exp ected , th ere  i s  a lack  o f  
so lv e n t  r ig id i t y  and enough therm al energy to  e q u il ib r a te  the  
e x c ite d  s t a t e  b e fo re  em issio n  o c cu rs .
I n t e r e s t in g ly ,  th e  phosphorescence o f  2 -f lu o ro b ip h en y l  
shows a change upon low energy e x c it a t io n ;  F igure 26 shows the  
h igh  energy p art o f  the phosphorescence th a t r e s u lt s  from both high  
and low energy e x c i t a t io n .  The p o s it io n s  o f  the bands may move 
s l i g h t l y ,  but th e most apparent change i s  the sharpening o f  both o f  
th e  bands when low energy e x c it a t io n  i s  u sed . Table XXI g iv e s  the  
phosphorescence freq u en c ie s  th a t r e s u l t  from both h igh  and low 
energy e x c i t a t io n .
if - F luo r ob i phenv 1
A n a ly s is  o f  th e low energy t a i l  o f  the lo w est energy  
a b so rp tio n  band o f  if- f lu o r o b ip h e n y l in  ^ -m ethylpentane a t  7 7 °  K by 
means o f  the d e r iv a t iv e  program in d ic a te d  th a t th ere  i s  a shou ld er  
near 278 nm (35 S7 0  cm 1 ) and a p o s s ib le  sh ou ld er  a t  283 nm (35 3^0 
cm 1 ) .  N e ith er  a b so rp tio n  sh ou ld er  could be e s ta b lis h e d  as w e ll  as 
th e 285 nm sh ou ld er  o f  2 -f lu o r o b ip h e n y l. Part o f  the ab sorp tion  
spectrum  i s  g iv en  in  F igure 27*
King133 observed f lu o r e sc e n c e  bands o f  4 -flu o ro b ip h en y l  
a t  30 if.0  nm (32 900 cm”1 ) ,  3 I5 .O nm (31 750 cm"1 ) ,  and 3 2 5 .0  nm
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Figure 26 . Phosphorescence sp ectra  o f  2 -flu o ro b ip h en y l in  3~® etliylpentane a t 77° K. 
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Figure 27- ^ -F lu orob ip h en yl in  3 -m ethylpentane a t  77° K» (a ) Absorp­
t io n  spectrum . (b ) F lu orescen ce spectrum  produced by 
e x c it a t io n  ( c ) .  (d) F lu orescen ce spectrum  produced by
e x c it a t io n  ( e ) .
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( j O  770 cm 1 ) .  The va lu es which were obtained in  th is  work appear
in  Table XXII; th ey  agree ra th er  w e ll  w ith  K in g's r e s u l t s .  However,
th e  JCk nm band has been shown by the b e t t e r  r e s o lu t io n  in  th is
work to  be two bands a t  502*5 and 308  nm. Attem pts to observe a low
energy e x c i t a t io n  e f f e c t  were made, and the r e s u lt s  showed movement 
o f  th e  most in te n se  band to  lower energy; th e magnitude o f  th is  
movement was about four nm. There may a ls o  have been some sharpening  
o f  th e spectrum . The m agnitude o f  the s h i f t  i s  co n sid era b ly  la rg er  
than the m agnitudes o f  th e corresponding s h i f t s  o f  th e f lu o rescen ce  
bands o f  2 - flu o ro b ip h en y l. The f lu o re sce n c e  sp ec tra  th a t r e s u lt  
from h igh  and low energy e x c i t a t io n  are shown in  F igure 27- A 
change in  s o lu te  co n cen tra tio n  had no ob servab le  e f f e c t  on the  
s p e c tr a l changes. N e ith er  th e f lu o re sce n c e  from s o lu t io n s  a t  room 
tem perature nor th e  phosphorescence from s o lu t io n s  a t  77° K showed 
any a p p rec ia b le  change upon low energy e x c i t a t io n .  However, the  
phosphorescence may have undergone a s l i g h t  sharpening o f  the bands 
as a r e s u l t  o f  th e  low energy e x c i t a t io n .  Phosphorescence  
freq u en c ie s  as a r e s u l t  o f  e i th e r  h igh  or low energy e x c it a t io n  arc 
a ls o  g iv en  in  Table XXII.
2 . 2 ' -P i flu o ro b ip h en y l
A n a ly s is  o f  th e  low energy t a i l  o f  th e low est energy  
a b so rp tio n  band o f  2 , 2 / -d if lu o r o b ip h e n y l in  3 "M ethylpentane a t  77 
d egrees K by means o f  th e d e r iv a t iv e  program developed no p o s i t iv e  
ev id en ce  fo r  any sh ou ld er  above a w avelength  o f  275 nm* There was 
in c o n c lu s iv e  ev id en ce  th a t th ere  m ight be a shou ld er near 282 nm.
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TABLE XXII
Luminescence F requencies o f  ^--Fluorobiphenvl 
In  ^-M ethvlpentane a t  77°K
F lu orescen ce
High Enerev E x c ita t io n Low Enerev E x c ita t io n
\(nm) Enerev(cm 1 ) \(nm ) Enerev(cm
302 .5 33 060
3 0 8 .0 32 kJO 312 32 100
3 1 5 .6 31 690 3 1 9 .6 31 290
325 30 800 329 30 i|-00
Phosnhorescence





The a b s o r p t i o n  s p e c t ru m  i n  ;> -m o th y lp en ta n e  a t  7 7 °  K i s  g iv e n  in  
F ig u r e  28, and th e  a b s o r p t i o n  f r e q u e n c i e s  a r e  t a b u l a t e d  in  T a b le  
X X III .
F ig u r e  2 9  shows th e  f l u o r e s c e n c e s  o f  2 , 2 ' - d i f l u o r o b i p h e n y l  
i n  3 “me t h y l p e n t a n e  a t  7 7 °  K t h a t  r e s u l t  from  b o th  h ig h  and  low
e n e rg y  e x c i t a t i o n ;  t h e r e  i s  a  c o n s i d e r a b l e  movement o f  t h e  m os t
i n t e n s e  band  a s  a r e s u l t  o f  t h e  low e n e r g y  e x c i t a t i o n ,  a l th o u g h  t h e r e  
i s  no a p p a r e n t  s h a r p e n i n g .  The m a g n i tu d e  o f  t h e  s h i f t  i s  c o m p arab le  
w i th  t h a t  o f  i | - - f l u o r o b i p h e n y l ,  and  t h e  s h i f t  i s  c o n s i d e r a b l y  
l a r g e r  th a n  t h a t  o f  2 - f l u o r o b i p h e n y l .  An a n a l y s i s  o f  th e  h ig h  e n e rg y  
s i d e  o f  t h e  f l u o r e s c e n c e  by  means o f  t h e  d e r i v a t i v e  by means o f  th e
d e r i v a t i v e  p ro g ram  shows s t r o n g  e v i d e n c e  f o r  s h o u l d e r s  n e a r  285 and
283 nm. T a b le  X X III  g i v e s  t h e  f l u o r e s c e n c e  f r e q u e n c i e s  o f  2 , 2 ' -  
d i f l u o r o b i p h e n y l  t h a t  r e s u l t  from  b o th  h ig h  and  low e n e rg y  e x c i t a t i o n  
o f  t h e  compound i n  3 " M e th y lp e n ta n e  a t  7 7 °  K. F ig u r e  30  shows th e  
h ig h  e n e rg y  p a r t  o f  th e  f l u o r e s c e n c e  upon w hich  th e  d e r i v a t i v e  p l o t  
i s  s u p e r im p o se d .
F ig u r e  31 shows t h e  f l u o r e s c e n c e s  o f  2 , 2 ' - d i f l u o r o b i p h e n y l  
i n  3 -m e th y lp e n ta n e  a t  room t e m p e r a t u r e  t h a t  r e s u l t  from b o th  h ig h  
and  low e n e rg y  e x c i t a t i o n .  A l th o u g h  i t  i s  h a r d e r  t o  d e t e r m in e  th e  
change  t h a t  o c c u r s  i n  t h e  s p e c t r u m  o f  t h e  compound a t  room te m p era tu re ,  
th a n  i t  was t o  d e t e r m in e  t h e  change  t h a t  o c c u r s  i n  t h e  s p e c t ru m  o f  
t h e  compound a t  7 7 °  K, t h e r e  d e f i n i t e l y  seems t o  b e  some movement 
o f  t h e  m ost i n t e n s e  band  t o  l o n g e r  w a v e le n g th s  upon low e n e rg y  
e x c i t a t i o n .  T h is  e f f e c t  a t  room t e m p e r a t u r e  h a s  n o t  b e e n  o b s e rv e d  
i n  t h e  c a s e  o f  an y  o f  t h e  o t h e r  r o t a t a b l e  b ip h e n y l s  o r  p h e n y l -  
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F igure A bsorption spectrum  o f 2 , 2 / -d iflu o ro b ip h en y l in  )-
m ethylpentane a t  77°K.
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TABLE X XIII
A bsorption  and Luminescence Frequencies o f  2 , 2 / -D iflu o ro b ip h en y l




2 6 2 .2
A bsorption
Energy(cm x )
36 3k  0
37 270
38 140
High Energy E x c ita t io n  
\(nm ) Energy (cm x )
F lu orescen ce
Low Energy E x c ita t io n  
X(nm) Energy (cm x )
283 35 300 - - —
285 35 100 - - —
2 8 9 .0 34 600 - - —
2 9 8 .3 35 520 3 01 .7 33 150
311 32 200 313 31 900
Low Energy E x c ita t io n  
\(nm ) Energy (cm x )
k25  23 500
441 22 700
Phosphorescence
High Energy E x c ita t io n  
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F igu re  29* F lu o r escen ce  sp e c tr a  o f  2 , 2 / -d if lu o r o b ip h e n y l in  3 -m ethylpentane a t  77°K* High and low  
en ergy  e x c i t a t io n s .
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Derivative
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Wavelength (nm)
Figure 30 . High energy t a i l  o f  th e  flu o re sce n c e  spectrum  o f  2 , 2 ' -  
d iflu o ro b ip h en y l in  3-m ethylpentane a t  7 7 °  K and f i r s t  
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Figure F luorescence sp ectra  o f  2 , 2 * -d iflu o ro b ip h en y l in  3 _methylp en tane a t  room temperature.
High and low energy e x c it a t io n s .
Figure 32 shows the phosphorescences o f  2 , 2 ' - d i f lu o r o ­
b iphenyl in  3"methylp en tane a t  77° K th a t r e s u l t  from both h igh  
and low energy e x c i t a t io n .  There i s  a d e f in i t e  movement o f  a l l  
o f  th e  bands to  th e red th a t r e s u lt s  from low energy e x c it a t io n ;  the 
magnitude o f  the s h i f t  i s  about th e  same as th a t o f  th e  f lu o re sce n c e  
s h i f t .  Table XXIII g iv e s  th e  phosphorescence freq u en c ies  th a t are  
observed upon both h igh  and low energy e x c i t a t io n .
A l l  o f  th ese  e f f e c t s  were c le a r ly  ob servab le  in  th e  
sp e c tra  o f  s o lu t io n s  o f  2 , 2 '-d if lu o r o b ip h e n y l th a t had co n cen tra tio n s  
o f  10~3 and 2 x 1 0 -4 M. There seemed to  be l i t t l e  change in  th ese  
e f f e c t s  upon changing co n c en tr a tio n , but th e e f f e c t s  d id  seem to  
be somewhat more apparent in  the more d i lu t e  s o lu t io n .
Other B iphenyl D e r iv a t iv e s
One major assum ption in  th e a n a ly s is  o f  th e se  f lu o r o b i-  
phenyls i s  th a t th e e le c t r o n - d i f f r a c t io n  d a ta , which i s  gas phase 
d a ta , can be used to  show trends in  data ob ta in ed  from s o lu t io n s .  
T h erefore , the sp e c tra  o f  a number o f  b ip h en y l d e r iv a t iv e s  were 
obtained  in  order to  c o r r e la te  the p o s i t io n  o f  th e  maximum o f  the  
con ju gation  band (th e  in te n se  a b so rp tio n  band which occurs near  
2k 9 nm in  th e ca se  o f  th e b ip h en y l s o lu t io n  a b so rp tio n  spectrum ) 
w ith  the e le c t r o n - d i f f r a c t io n  d a ta . Some o f  th is  data was ob ta in ed  
from o th er  so u r c e s . Table XXIV g iv e s  th e  p o s it io n s  o f  the maxima 
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Figure J 2 . Phosphorescence spectra  o f  2 , 2 / -d iflu o ro b ip h en y l in  3~methylpentane a t  77° K. High and low 




P o s it io n s  o f  th e C onjugation Bands o f Some Biphenyl D e r iv a t iv e s
#Compound S o lv en t X (nm)** max v (cm ] max
*
B iphenyl 95# Ethanol 249.0 4o 160
Fluorene 95# E thanol rs255 39 220
2 - F lu oroflu oren e* 95# Ethanol ~263 38 020
2 - Bromo flu o ren e* 95# Ethanol ~270 37 040
2-M eth yl-* 95# Ethanol 235.O 42 550
3-M ethyl-* 95# E thanol 250.O 40 000
4 -M ethyl-* 95# Ethanol 252. 4 39 620
2 -F lu o ro -* 95# Ethanol 241.5 41 400
4 -F lu o ro -* 95# Ethanol 247-3 4o 44 0
2-C h loro-* 95# Ethanol 239.5 41 750
3-C h loro -* 95# Ethanol 249-5 40 080
4-C h loro -* 95# Ethanol 253.5 39 ^50
2-Bromo-* 95# Ethanol 240.5 41 580
3 “Bromo-* 95# Ethanol 249-0 40 160
4 -Bromo-* 95# E thanol 254.7 39 260
2 , 2 / -D if lu o r o - EPA 235 42 920
3 , 3 / -D if lu o r o - 3 “M ethylpentane 2M-5 40 820
4 ,4  '-D if lu o r o - EPA 244 4o 980
4 ,4  / -D ich lo ro - EPA 258 38 760
4 , ^'-Dibrom o- EPA 261 38 310
2 , 2 / -D ich lo ro -* * * 95# Ethanol 230 43 48o
2 , 2 / -Dibromo-*** 95# Ethanol 228 43 860
V-V >/ »
Toluene h2 o 206.5 48 430
“ Compounds w ith  a b b rev ia ted  names are b ip h en y l d e r iv a t iv e s .
*
King, J . R ., op. c i t .
T ra n sit io n  w avelen gths and e n e rg ie s  correspond to  the v e r t ic a l  
t r a n s i t io n s .
*** Beaven, G. H ., and H a ll, D. M., J . Chem. S o c . ,  4637 (1 9 5 6 ).
****
J a f f e ,  H ., H ., and O rchin, M., Theory and A p p lica tio n s  o f  
U ltr a v io le t  S p ectroscop y . John W iley and Sons, New York, P 257 
(19T 0).
CHAPTER IV -  DISCUSSION
The s e l e c t i v e  e x c i t a t i o n  e x p e r im e n ts  done i n  t h i s  w ork 
and th e  r e s u l t s  g iv e n  i n  t h e  l i t e r a t u r e  i n d i c a t e  t h a t  t h e  g round  
s t a t e  o f  2 - f l u o r o b i p h e n y l  i n  s o l u t i o n  i s  d e f i n i t e l y  n o t  p l a n a r  b u t  
h a s  a m ost p r o b a b le  c o n f o r m a t io n  i n  w h ich  th e  i n t e r a n n u l a r  a n g l e  o f  
t h e  e q u i l i b r a t e d  compound i s  b e tw ee n  20  and 50  d e g r e e s .  T h re e  
p o s s i b l e  c o n c l u s i o n s  a b o u t  t h e  p o t e n t i a l  c u rv e  o f  t h e  f i r s t  e x c i t e d  
s i n g l e t  s t a t e  a r e  c o n s i s t e n t  w i t h  t h e  d a t a .
(1 )  The sh a p e  o f  t h e  f i r s t  e x c i t e d  s t a t e  p o t e n t i a l  c u rv e
i s  s i m i l a r  t o  t h a t  o f  t h e  g ro u n d  s t a t e ,  w h ich  h a s  s u b s t a n t i a l  m inim a,
b u t  th e  e q u i l i b r i u m  a n g l e  l i e s  somewhere b e tw ee n  th e  e q u i l i b r i u m  
a n g l e  o f  t h e  g ro u n d  s t a t e  and  z e r o  d e g r e e s .
( 2 ) The s h a p e  o f  t h e  f i r s t  e x c i t e d  s t a t e  p o t e n t i a l  c u rv e  
i s  much f l a t t e r  th a n  t h a t  o f  t h e  g ro u n d  s t a t e ,  and  t h e  e q u i l i b r i u m  
c o n f o r m a t io n  o f  t h e  f i r s t  e x c i t e d  s t a t e  i s  p l a n a r .
(3 ) The sh a p e  o f  t h e  f i r s t  e x c i t e d  s t a t e  p o t e n t i a l  c u rv e
i s  s i m i l a r  t o  t h a t  o f  t h e  g ro u n d  s t a t e ,  b u t  th e  e q u i l i b r i u m  c o n f o r ­
m a t io n s  o f  b o th  s t a t e s  a r e  n e a r l y  p l a n a r .
I t  i s  f e l t  t h a t  t h e  f i r s t  a l t e r n a t i v e  i s  t h e  m o s t  p r o b a b le  one .  Any 
o f  t h e s e  t h r e e  p o s s i b i l i t i e s  can  r a t i o n a l i z e  t h e  s m a l l  e x c i t a t i o n  
e f f e c t  and th e  S to k e s  s h i f t  t h a t  i s  i n t e r m e d i a t e  be tw een  t h o s e  o f  
b ip h e n y l  and  t h e  b r i d g e d  b i p h e n y l s .  E v id en ce  t h a t  i n d i c a t e s  
t h e  c o n c l u s i o n  t h a t  th e  f i r s t  a l t e r n a t i v e  i s  t h e  b e s t  w i l l  now be 
re v ie w e d .
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I f  i t  i s  assum ed t h a t  t h e  s t e r i c  i n t e r a c t i o n s  i n  th e
g ro u n d  and  f i r s t  e x c i t e d  s t a t e s  a r e  s i m i l a r ,  t h e  TT e l e c t r o n
e n e r g i e s  o f  t h e  two s t a t e s  w ou ld  h a v e  t o  be c o n s i d e r a b l y  d i f f e r e n t  
i n  o r d e r  t o  g e t  d i f f e r e n t  p o t e n t i a l  c u r v e s  f o r  t h e  two s t a t e s .  I n  
o r d e r  t o  h a v e  t h e  f l a t t e r  e x c i t e d  s t a t e  p o t e n t i a l  c u rv e  r e q u i r e d  
by c o n c l u s i o n  (2 ) ,  E^. o f  t h e  e x c i t e d  s t a t e  w ould  h a v e  to  hav e  a 
much s h a l l o w e r  minimum th a n  E^. o f  t h e  g ro u n d  s t a t e ;  p r e v io u s  
c a l c u l a t i o n s 134 i n d i c a t e  t h a t  E^, o f  t h e  g ro u n d  s t a t e  o f  m o le c u le s  o f  
t h i s  k in d  i s  s h a l l o w e r .  I t  i s  d i f f i c u l t  t o  im a g in e  a s i t u a t i o n  i n  
w h ich  t h e r e  w ou ld  be  n e a r l y  i d e n t i c a l  s t e r i c  e n e r g i e s  and  i n  w hich  
t h e  s h a l l o w e r  E ,̂ i n t e r a c t i o n  w ou ld  r e s u l t  i n  t h e  c l o s e r  a p p ro a c h  
t o  p l a n a r i t y .  F o r  t h e s e  r e a s o n s  c o n c l u s i o n  (2 ) m ust be  c o n s id e r e d  
t o  be  im p ro b a b le .
A l l  p r e v io u s  e x p e r i m e n t a l  and  t h e o r e t i c a l  w ork  on b ip h e n y l  
and 2 - f l u o r o b i p h e n y l  w h ich  was r e v ie w e d  i n  th e  i n t r o d u c t i o n  l e a d s  t o  
t h e  c o n c l u s i o n  t h a t  th e  g ro u n d  s t a t e s  o f  b ip h e n y l  and  2 - f l u o r o b i p h e n y l  
i n  t h e  gas  p h a s e  an d  b i p h e n y l  i n  s o l u t i o n  a r e  n o n - p l a n a r .  I f  i t
i s  assum ed t h a t  s i m i l a r  e q u i l i b r i u m  a n g l e s  o f  b i p h e n y l  and  2 - f l u o r o ­
b ip h e n y l  i n  t h e  gas  p h a s e  s u g g e s t  s i m i l a r  a n g l e s  f o r  t h e  compounds i n  
s o l u t i o n ,  th e n  i t  i s  a  r e a s o n a b l e  c o n c l u s i o n  t h a t  2 - f l u o r o b i p h e n y l  
i n  s o l u t i o n  h a s  a n o n - p l a n a r  g ro u n d  s t a t e  i n  w h ich  t h e  i n t e r a n n u l a r  
a n g l e  i s  a t  l e a s t  2 0  d e g r e e s  b e c a u s e  20  d e g r e e s  i s  th e  e s t i m a t e d
134. H o llow ay , H. E . , W har to n ,  J .  H . , and  Nauman, R. V . , J . P h y s . 
Chem. ,  H ,  309T ( l S n ) .
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i n t e r a n n u l a r  a n g l e  o f  b ip h e n y l  i n  s o l u t i o n . 135 Such a n  a n g le  
r u l e s  o u t  p o s s i b l e  c o n c l u s i o n  (3 )- The a s s u m p t io n  n e c e s s a r y  f o r  
t h i s  c o n c l u s i o n  w i l l  be d i s c u s s e d  l a t e r .
S to k e s  s h i f t  d a t a  g i v e s  an  i n d i c a t i o n  o f  th e  d e g r e e  o f  
s i m i l a r i t y  b e tw een  th e  g ro u n d  and  f i r s t  e x c i t e d  s t a t e s .  T a b le  
XXV c o n t a i n s  S to k e s  s h i f t  d a t a  from  s e v e r a l  i n v e s t i g a t i o n s  o f  
compounds done i n  t h i s  l a b o r a t o r y .  Each o f  th e  b r id g e d  compounds, 
f l u o r e n e ,  2 - f l u o r o f l u o r e n e ,  and  1 , 2 - b e n z f l u o r e n e ,  h as  a  v e ry  s m a l l  
S to k e s  s h i f t  b e c a u s e  e a c h  compound i s  c o n f in e d  by th e  m e th y le n e  
b r i d g e  to  e s s e n t i a l l y  a p l a n a r  c o n fo rm a t io n  i n  a l l  t h e  e l e c t r o n i c  
s t a t e s .  2 - P h e n y ln a p h t h a l e n e ,  f l u o r o b i p h e n y l  and  b ip h e n y l  have  
l a r g e  S to k e s  s h i f t s ;  t h e s e  l a r g e  s h i f t s  i n d i c a t e  l a r g e  d i f f e r e n c e s  
i n  g e o m e try  b e tw ee n  t h e i r  g ro u n d  and f i r s t  e x c i t e d  s t a t e s .  The 
o t h e r  compounds, i n c l u d i n g  2 - f l u o r o b i p h e n y l ,  a l l  e x h i b i t  S to k e s  
s h i f t s  i n t e r m e d i a t e  b e tw ee n  t h o s e  o f  b r i d g e d  compounds and th o s e  o f  
t h e  s l i g h t l y  h in d e r e d  b i p h e n y l - t y p e  com pounds. The i n t e r m e d i a t e  
m a g n i tu d e  o f  i t s  S to k e s  s h i f t  i n d i c a t e s  t h a t  2 - f l u o r o b i p h e n y l  ( a s  
w e l l  a s  o t h e r s  i n  i t s  g ro u p )  h a s  g ro u n d  and  f i r s t  e x c i t e d  s t a t e s  
t h a t  hav e  somewhat d i f f e r e n t  g e o m e t r i e s ;  t h e  d i f f e r e n c e  i n  g e o m e t r i e s  
i s  p r o b a b ly  n o t  a s  g r e a t  a s  t h a t  o f  b i p h e n y l .  I t  s h o u ld  be remembered 
t h a t  t h i s  u s e  o f  S to k e s  s h i f t  m a g n i tu d e s  to  c o n c lu d e  so m e th in g  a b o u t  
t h e  r e l a t i v e  d i f f e r e n c e s  i n  g eo m etry  i s  v a l i d  o n ly  i f  t h e  sh a p e s  
o f  t h e  p o t e n t i a l  c u r v e s  o f  th e  two compounds b e in g  com pared a r e  
s i m i l a r .  I f  t h i s  a s s u m p t io n  i s  made f o r  th e  co m p ar iso n  o f
I33. S u z u k i ,  H . , op . c i t .
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2 -f lu o r o b ip h en y l w ith  b ip h en y l and i f  the assum ption th a t perm itted  
the co n c lu s io n  th a t th e ground s t a t e  o f  2 -f lu o ro b ip h en y l i s  non- 
planar to  about the same e x te n t th a t th e ground s t a t e  o f  b ip henyl i s  
non-planar i s  k ep t, then i t  i s  concluded th a t the f i r s t  e x c ite d  
s t a t e  o f  2 -f lu o r o b ip h en y l i s  non-p lanar and has an eq u ilib r iu m  an g le  
l e s s  than th a t o f  i t s  ground s t a t e .
F igure 33 shows a reason ab le  p o te n t ia l  curve fo r  th e  
ground and f i r s t  e x c ite d  s t a t e s  o f  2 -f lu o r o b ip h e n y l. The ground 
s t a t e  curve i s  co n stru c ted  from th e c a lc u la t io n s  o f  Farbrot and 
Skancke, 136 and the e x c ite d  s t a t e  curve i s  the p red ic ted  one th at  
r e s u lt s  from the a n a ly s is  o f  th e experim en ta l d a ta . S in ce  th e ir  
c a lc u la t io n s  apply to  an i s o la t e d  m o lecu le , Farbrot and S ta n ck e 's  
curve i s  a p p lic a b le  to  th e gas phase but th e ir  c a lc u la t io n s  p r e d ic t  
an a n g le  th a t i s  l e s s  than the experim en ta l one; th ese  authors  
b e lie v e  th a t the d iscrep an cy  i s  caused by th e ir  u sin g  too la rg e  a 
co n ju g a tio n  energy in  t h e ir  c a lc u la t io n s .
The sharpening o f  the phosphorescence bands o f  2 - f lu o r o ­
b ip henyl upon low energy e x c i t a t io n  i s  q u ite  su r p r is in g ;  i t  had 
been thought p r e v io u s ly  th a t the la r g e  ex ce ss  o f  v ib r a t io n a l energy  
upon in ter sy stem  c ro ss in g  would be s u f f i c i e n t  to  cause com plete  
e q u il ib r a t io n  o f  th e  t r i p l e t  s t a t e  b e fo re  em issio n . This sharpening  
o f  the bands upon low energy e x c i t a t io n  in d ic a te s  th a t th ere  might 
be em issio n  from a narrower d is t r ib u t io n  o f  conform ers in  the  
t r i p l e t  s t a t e  than th a t which norm ally e x i s t s .  The o b serv a tio n  o f


















-10 0 10 2 0 30 4 0 50 60 70 80
9 (deg ree s )
Figure 'j'j . Deduced p o te n t ia l energy curves fo r  th e ground and f i r s t  
e x c ite d  s in g le t  e le c tr o n ic  s t a t e s  o f  2 - £ lu o ro b ip h en y l.
t h i s  e f f e c t  r a i s e s  t h e  p o s s i b i l i t y  t h a t  i n t e r s y s t e m  c r o s s i n g
ta k e s  p l a c e  i n  t h i s  s y s te m  v ia  e x c i t a t i o n  o f  v i b r a t i o n a l  modes w hich
do n o t  a f f e c t  t h e  i n t e r a n n u l a r  a n g l e .
A n o th e r  p o s s i b l e  e x p l a n a t i o n  o f  t h e  s h a r p e n in g  o f  th e  
p h o s p h o re s c e n c e s  a s  a r e s u l t  o f  low e n e rg y  e x c i t a t i o n  i s  some ty p e  
o f  e m is s i v e  t r a n s i t i o n  b e tw een  S i  and  T i w hich  w ould  n o t  ch an g e  th e  
i n t e r a n n u l a r  a n g l e .  T hese  p o s s i b i l i t i e s  seem t o  be t h e  o n ly  two 
p o s s i b l e  e x p l a n a t i o n s  w hich  c o u ld  a c c o u n t  f o r  t h e  o b s e rv e d  e f f e c t ,  
b u t  b o th  a r e  p u re  s p e c u l a t i o n .  I n  a d d i t i o n ,  t h i s  e f f e c t  i n d i c a t e s  
t h a t  t h e  e n e rg y  minimum f o r  t h e  T i s t a t e  p o t e n t i a l  c u r v e  m us t have  
v e ry  c l o s e  to  t h e  same i n t e r a n n u l a r  a n g l e  a s  t h a t  o f  t h e  S i s t a t e ,  
b e c a u s e  o t h e r w i s e  i n t e r s y s t e m  c r o s s i n g  a n d / o r  a r a d i a t i v e  t r a n s i t i o n  
from  S i  to  T i w ould  r e s u l t  i n  an  i n t e r a n n u l a r  a n g l e  i n  Ti w h ich  i s  
n o t  e q u i l i b r a t e d ;  t h e  lo n g  l i f e t i m e  o f  t h e  t r i p l e t  s t a t e  a lm o s t  
c e r t a i n l y  w ould  a l lo w  c o m p le te  e q u i l i b r a t i o n .  F i n a l l y ,  t h e  b a r r i e r  
to  p l a n a r i t y  i n  t h e  t r i p l e t  s t a t e  p r o b a b ly  i s  h i g h e r  th a n  t h a t  i n  
t h e  e x c i t e d  s i n g l e t  s t a t e .  I f  t h e  t r i p l e t  s t a t e  b a r r i e r  w ere  n o t  
h i g h e r  th a n  t h a t  o f  t h e  s i n g l e t  s t a t e ,  t h e n  low e n e rg y  e x c i t a t i o n  
s h o u ld  r e s u l t  i n  a movement o f  t h e  p h o s p h o re s c e n c e  bands  t o  lo n g e r  
w a v e le n g th s ,  j u s t  a s  th e  f l u o r e s c e n c e  bands  move i n  t h a t  d i r e c t i o n  
b e c a u s e  a g r e a t e r  p r o p o r t i o n  o f  h i g h e r  t r a n s i t i o n  e n e rg y  c o n fo rm e rs  
th a n  o f  lo w er  t r a n s i t i o n  e n e rg y  c o n fo rm e rs  w ould  be e l i m i n a t e d  
upon low e n e rg y  e x c i t a t i o n .  The a b s e n c e  o f  t h i s  movement p r o b a b ly  
i n d i c a t e s  t h a t  a b o u t  t h e  same p r o p o r t i o n  o f  eac h  k in d  o f  c o n fo rm e r  
i s  b e in g  removed by th e  low e n e rg y  e x c i t a t i o n .
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The s e l e c t iv e  e x c it a t io n  r e s u lt s  fo r  k -flu o r o b ip h e n y l  
su g g est behavior s im ila r  to  th a t o f b ip h en y l; th ere  i s  a la rg e  
movement and p o s s ib ly  some sharpening o f  th e f lu o re sce n c e  bands 
upon low energy e x c i t a t io n .  T h erefore , th e p o te n t ia l  curves o f  the  
ground and f i r s t  e x c ite d  s in g le t  s t a t e s  o f  ^ -flu o ro b ip h en y l should  
be q u ite  s im ila r  to  th o se  shown in  F igure 22 fo r  2 -p hen yln ap hth alen e, 
and k -f lu o r o b ip h e n y l1s s t e r i c  in te r a c t io n s  should be very  s im ila r  
to  th ose  o f  2 -p henylnap hth alene and b ip h en y l.
The phosphorescence o f  l^-f luorob ip h en yl shows some p o s s ib le  
sharpening upon low energy e x c i t a t io n ,  a lthough th e  e f f e c t  i s  not  
as ev id en t as th a t in  th e case  o f  2 -f lu o r o b ip h e n y l. This o b serv a tio n  
i s  a ls o  somewhat su r p r is in g ;  i t  could be th a t the same type o f  
in ter sy stem  c ro ss in g  mechanism and/or r a d ia t iv e  t r a n s it io n  o p era tiv e  
in  the ca se  o f  2 -f lu o r o b ip h en y l i s  a ls o  o p e r a tiv e  in  th e case  o f  
k - f lu o ro b i pheny1.
Table XXV summarizes th e e x c it a t io n  e f f e c t s  th a t have been  
observed in  th e  s tu d ie s  o f  th e compounds l i s t e d  in  the ta b le . None 
o f  th e bridged compounds has a f lu o re sce n c e  th a t i s  a f f e c te d  by 
e x c i t a t io n ,  and a l l  o f  the compounds th a t have large  Stokes s h i f t s ,  
b ip h en y l, 2 -p h en y ln ap hth a lene, and 4 -f lu o r o b ip h en y l, have f lu o r e s ­
cen ces th a t are g r e a t ly  a f f e c te d  by e x c it a t io n .  The sm all e x c i t a t io n  
e f f e c t  o f  2 - f lu o r o b ip h e n y l's  f lu o re sce n c e  f i t s  n ic e ly  w ith  i t s  
in term ed ia te  Stokes s h i f t  and the assumed p o te n t ia l  cu rve. The 
d isp lacem ent o f  the bands to  lower energy upon low ering the e x c i t a ­
t io n  energy i s  in  the d ir e c t io n  exp ected , because the low energy  
e x c it a t io n  removes a g r ea ter  proportion  o f  high tr a n s it io n  energy
conform ers from the s e t  o f  e m itt in g  conform ers. The low energy  
e x c it a t io n  does not cause as much movement o f  the bands o f  2 -  
flu orob ip h en y l as i t  does in  the ca se  o f  b ip h en y l, because in  th e  
ca se  o f  b iphenyl on ly  h ig h er  t r a n s i t io n  energy conform ers are being  
removed from the s e t  o f  e m itt in g  conform ers (th e  lo w est energy  
t r a n s it io n  occurs from m olecu les  which have an in tera n n u la r  angle  
corresponding to  th e planar minimum in  th e e x c ite d  s t a t e  p o te n t ia l  
c u rv e ), w h ile  in  the ca se  o f  2 -f lu o r o b ip h en y l some low tr a n s it io n  
energy as w e l l  as h igh  t r a n s it io n  energy conform ers are being r e ­
moved from th e s e t  o f  e m itt in g  conform ers (th e  lo w est energy  
t r a n s it io n  occurs from planar m o le c u le s , but m olecu les  a t  the non- 
planar minimum o f  th e e x c ite d  s t a t e  p o te n t ia l  energy curve have 
h igh er  t r a n s it io n  e n e r g ie s )  by th e  low energy e x c i t a t io n .  A l l  o f  
the bridged m olecu les  which have been s tu d ied  show no e x c it a t io n  
e f f e c t ;  th is  r e s u lt  i s  c o n s is t e n t  w ith  th ese  m olecu les  being e s s e n ­
t i a l l y  f ix e d  in  n ear-p lan ar  conform ations in  a l l  e le c tr o n ic  s t a t e s .  
The on ly  compound fo r  which th e  m agnitude o f  the Stokes s h i f t  i s  
n ot c o n s is te n t  w ith  th e  s i z e  o f  i t s  e x c i t a t io n  e f f e c t  i s  2 ,2 ' -  
d if lu o r o b ip h e n y l. T his m olecu le  w i l l  be d isc u sse d  la t e r .
I t  i s  d i f f i c u l t  to  a r r iv e  a t  d e f in i t e  co n c lu s io n s  about 
th e  h yd ro g en -flu o r in e  in tera n n u la r  in t e r a c t io n s .  In the case  o f  
2 -f lu o ro b ip h en y l the combined e f f e c t s  o f  a hydrogen-hydrogen in t e r ­
a c t io n  and a flu o rin e-h y d ro g en  in t e r a c t io n  are being co n sid ered .
The e le c tr o n  d i f f r a c t io n  ev id en ce137 th a t in d ic a te s  th a t 2 - f lu o r o -
137• B a stia n sen , 0 . ,  and Smedvik, L . , op. c i t .
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b i p h e n y l  h a s  a l a r g e r  e q u i l i b r i u m  a n g l e  th a n  t h a t  o f  b ip h e n y l  
s u p p o r t s  t h e  c o n c l u s i o n  t h a t  t h e r e  i s  a  s t r o n g e r  r e p u l s i v e  i n t e r ­
a c t i o n  b e tw ee n  h y d ro g e n  and  f l u o r i n e  t h a n  t h a t  b e tw e e n  h y d ro g e n  
and  h y d ro g e n .  A n o n - p l a n a r  f i r s t  e x c i t e d  s t a t e ,  t h a t  i s  b e l i e v e d  
to  e x i s t ,  a l s o  i n d i c a t e s  t h a t  t h e  h y d r o g e n - f l u o r i n e  i n t e r a c t i o n  i s  
m ore r e p u l s i v e  t h a n  t h a t  o f  h y d ro g e n -h y d ro g e n .  The c o n c l u s i o n  t h a t  
t h e  h y d r o g e n - f l u o r i n e  i n t e r a c t i o n  i s  r e p u l s i v e  i s  c o n t r a r y  t o  t h e  
o r i g i n a l  h y p o t h e s i s  t h a t  a h y d ro g e n  bond ty p e  o f  a t t r a c t i v e  h y d ro g e n -  
f l u o r i n e  i n t e r a n n u l a r  i n t e r a c t i o n  m ig h t  e x i s t .
S in c e  p r e v i o u s  work138 i n d i c a t e d  t h a t  t h e  h y d r o g e n - f l u o r i n e  
i n t e r a c t i o n  i n  l - f l u o r o - 2 - p h e n y l n a p h t h a l e n e  m ig h t  be  a t t r a c t i v e  and 
t h i s  w ork i n d i c a t e s  t h a t  t h e  H -F  i n t e r a c t i o n  i n  2 - f l u o r o b i p h e n y l  
i s  r e p u l s i v e ,  a  r a t i o n a l i z a t i o n  o f  t h e  two c o n c l u s i o n s  i s  i n  o r d e r .
The s p e c t r a l  b e h a v i o r s  o f  2 - f l u o r o b i p h e n y l ,  2 / - f l u o r o - 2 - p h e n y l -  
n a p h t h a l e n e ,  and l - f l u o r o - 2 - p h e n y l n a p h t h a l e n e  a r e  sum m arized  i n  
T a b le  XXV. S in c e  a l l  t h r e e  compounds h av e  one h y d r o g e n - f l u o r i n e  
i n t e r a n n u l a r  i n t e r a c t i o n  and  one  h y d ro g e n -h y d ro g e n  i n t e r a n n u l a r  
i n t e r a c t i o n ,  t h e  e f f e c t s  o f  t h e s e  i n t e r a c t i o n s  w o u ld ,  t o  a f i r s t  
a p p r o x im a t io n ,  b e  e x p e c te d  t o  be  s i m i l a r .  The e f f e c t s  a r e  i n t e r ­
m e d ia te  b e tw ee n  th o s e  o f  t h e  e x t re m e s  shown by 2 - p h e n y ln a p h th a l e n e  
and  t h e  b r id g e d  com pounds. However, t h e r e  i s  c o n s i d e r a b l e  d i f f e r e n c e  
i n  th e  m a g n i tu d e s  o f  t h e  S to k e s  s h i f t s ;  2/- f l u o r o - 2 - p h e n y l n a p h t h a l e n e  
h a s  t h e  l a r g e s t  S to k e s  s h i f t ,  t h a t  o f  2 - f l u o r o b i p h e n y l  i s  i n t e r ­
m e d ia t e ,  and t h a t  o f  1 - f l u o r o - 2 - p h e n y l n a p h t h a l e n e  i s  t h e  s m a l l e s t .
1])8. H o llow ay , H. E . ,  Nauman, R. V . ,  and  W harton ,  J .  H . , J .  P h v s . 
Chem. . 1 2 , i+468 ( 1968) .
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Th<». d if fe r e n c e s  in  Stokes s h i f t s  are not s a t i s f a c t o r i l y  ex p la in ed  
by conclud ing  th at the H-F in te r a c t io n  i s  a t t r a c t iv e  in  the 1- 
flu o ro -2 -p h en y ln ap h th a len e  case  because C.NDO/2 c a lc u la t io n s  in d ic a te  
th a t  the n e t charge on th e  f lu o r in e  atom i s  e s s e n t ia l ly  th e same 
w hether th e f lu o r in e  i s  a tta ch ed  to  the one or two p o s it io n  on the  
naphthyl r in g  or to  th e phenyl r in g .
The asymmetry o f  th e naphthalene r ing  may account fo r  the  
observed d if fe r e n c e s  in  s p e c tr a l  b eh a v io r . I f  i t  i s  assumed th a t  
th e  unequal bond len g th s  in  naphthalene are m aintained q u a l i t a t iv e ly  
in  th e  s u b s t itu te d  n ap h th a len es, th e observed Stokes s h i f t s  can be 
un derstood . I f  th e  geom etry o f  2 -f lu o r o b ip h en y l i s  compared w ith  
th a t  o f  2 ' - f lu o r o - 2 -phenylnaphthalene in  th e o r ie n ta t io n  in  which the 
f lu o r in e  i s  in te r a c t in g  w ith  th e hydrogen on the ^ -p o s it io n  o f  th e  
naphthyl r in g , the g r e a te r  S tokes s h i f t  o f  2 / - f lu o r o -2 -p h e n y l- 
naphthalene can be r a t io n a l iz e d . S in ce  th e  Cg - C3 bond in  naphtha­
len e  i s  lon g er  than a C-C bond in  th e phenyl group, the f lu o r in e -  
hydrogen d is ta n c e  in  2 ^ f lu o r o - 2 -phenylnaphthalene i s  g r e a te r  than  
th e  corresponding d is ta n c e  in  2 -f lu o r o b ip h e n y l, and hence th e g r e a te r  
1t in t e r a c t io n  in  the e x c ite d  s t a t e  can cause a c lo s e r  approach to  
p la n a r ity  in  th e e x c ite d  s t a t e  o f  2 ;- f lu o r o -2 -phenylnaphthalene  
than in  th a t o f  2 -f lu o r o b ip h e n y l. A c lo s e r  approach to  p la n a r ity  i s  
a ls o  s t e r i c a l l y  p o s s ib le  in  the ground s t a t e ,  but th e Tf in te r a c t io n  
i s  probably le s s  in  the ground s t a t e  and in cap ab le  o f  causing  
a p p rec ia b le  d if fe r e n c e s  between the p o te n t ia l  energy curves o f  th e  
two m o lecu le s .
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There i s  a very sm all Stokes s h i f t  in  th e ca se  o f  1- 
fluoro-,'2-p h en yln ap h th alen e. There are two p o s s ib le  ex p la n a tio n s  
fo r  the sm all S tokes s h i f t ;  the f i r s t  ex p la n a tio n  i s  th a t the m olecu le  
i s  r e s t r ic t e d  to  a very angu lar conform ation in  both th e ground and 
f i r s t  e x c ite d  e le c tr o n ic  s t a t e s  j u s t  as 2 '-m eth y l-2-phenylnaphthalene  
i s  r e s t r ic t e d ;  th e second ex p la n a tio n  i s  th a t 1- f lu o r o -2 -p h en y l­
naphthalene i s  n e a r ly  p lanar in  both s t a t e s .  The f i r s t  exp la n a tio n  
i s  t e n t a t iv e ly  supported by th e fa c t  th a t a normal geometry would 
g iv e  a sm a ller  H-F in tera n n u la r  d is ta n c e  in  p lanar l - f lu o r o - 2 -  
phenylnaphthalene than th a t in  e i t h e r  p lan ar 2 7- f lu o r o -2 -p h en yl-  
naphthalene or planar 2 -f lu o r o b ip h e n y l. S evera l b i t s  o f  ev idence  
support th e second e x p la n a tio n . CNDO/2 c a lc u la t io n s  in d ic a te  th a t  
the lo w est energy p o s it io n  o f  th e f lu o r in e  atom a tta ch ed  to  the
1-p o s i t io n  o f  an asym m etric naphthyl r in g  i s  about l ^-0 removed from 
the v e r t ic a l  p o s it io n  away from the 2 -p o s i t io n  where th e phenyl 
group i s  a tta ch ed  in  a 2 -p h en y ln ap h th a len e . This bent conform ation  
o f  the f lu o r in e  atom r e s u l t s  from th e asymmetry o f  the naphthalene  
r in g . CNDO/2 c a lc u la t io n s  a ls o  in d ic a te  th a t r e la x in g  th e f lu o r in e  
atom away from the sp2 120 degree a n g le  i s  e n e r g e t ic a l ly  e a s ie r  when 
the f lu o r in e  atom i s  a t  th e 1- p o s i t io n  o f  the naphthyl r in g  than  
i t  i s  when the f lu o r in e  atom i s  on th e phenyl r in g . Such a 
r e la x a t io n  would probably have to  occur in  order for  th e m olecule  
to  become p lan ar. Table XXVI g iv e s  th e  b in d in g  energy o f  both 
fluorobenzene and 1-flu o ro n a p h th a len e  as a fu n ctio n  o f  th e f lu o r in e  
an gle  in  each c a se , and F igure j k  shows th e geom etries o f  th ese
TABLE XXVI
Binding E nergies o f  Fluorobenzene and 1-F luoronanhthalenc  
as Functions o f  th e F lu orin e  A ngles (CNDO/2)
B inding Energy (h a r tr e e s )
0 (d eg rees) Fluorobenz ene 1-Fluoronaohth.
116 -6 .3 5 7 1 9 -IO .39986
117 -6 .3 5 7 7 0 - 10.)+0020
118 -6 .35807 -IOJ/.OO38
119 -6 .3 5 8 2 9 -lOJlOOl+l
120 -6 .35836 - 10. >10028
121 -6 .35829 -10 .40001
122 -6.35807 -IO .39958
123 '-6 .3 5 7 7 0 -10 .39900




Figure 3;l■. Bond len g th s and a n g les  o f  flu orob en zene and l - f lu o r o -  
naphthalene th at were used in  th e  c a lc u la t io n s .
m o lecu les  on which c a lc u la t io n s  were done. C onsequently, n ot on ly  
i s  the f lu o r in e  atom sL ig h tly  d is to r te d  from the 120 degree an g le  
b efo re  phenyl r o ta t io n  toward p la n a r ity  occu rs , but a ls o  the  
f lu o r in e  atom a t  the 1-naphthyl p o s it io n  i s  more e a s i ly  fu rth er  
d is to r te d  away from the 120 degree an g le  than i t  i s  when i t  i s  
atta ch ed  to  th e  phenyl r in g . The energy o f  the f lu o re sce n c e  o f  1- 
f lu o r o -2 -p henylnap hth alene, co rrected  fo r  th e b lu e  s h i f t  due to  the  
flu o ro  s u b s t itu e n t  e f f e c t ,  i s  much c lo s e r  to th a t o f  2 -p h en y l­
naphthalene than to  th a t o f  2 / -m eth y l-2 -p h en y ln ap h th a len e . This 
e n e r g e t ic  c o n s id e r a t io n  su g g ests  a p lanar e x c ite d  s t a t e  in  th e ca se  
o f  1 - f lu oro-2-ph en yln aph th alen e and, as a r e s u l t  o f  th e  sm all Stokes  
s h i f t ,  a s im ila r  n ear-p lan ar  ground s t a t e .  In summary, the  
e n e r g e t ic a l ly  fa v o ra b le  an g le  d is t o r t io n ,  th e  ea se  o f  fu r th e r  an g le  
d is t o r t io n ,  and the p o s it io n  o f the f lu o re sce n c e  a l l  in d ic a te  a 
n ear-p lan ar  1- f lu o r o -2 -phenylnaphthalene m olecu le  in  s p i t e  o f  a 
r e p u ls iv e  H-F in t e r a c t io n .
The co n c lu s io n  th a t2 -f lu o r o b ip h e n y l i s  non-p lanar in  
s o lu t io n s  seems to  be u n eq u ivoca l. The a c tu a l eq u ilib r iu m  an g le  i s  
q u e s tio n a b le , and t h is  angular u n ce r ta in ty  combined w ith  u n ce r ta in ty  
about the shape o f  th e f i r s t  e x c ite d  s t a t e  p o te n t ia l  curve lea d s  
to  s e v e r a l p o s s ib le  co n c lu s io n s  about the eq u ilib r iu m  e x c ite d  s t a t e  
conform ation . I t  i s  f e l t  th a t th e non-planar f i r s t  e x c ite d  s t a t e  
i s  supported b e s t  by the a v a ila b le  ev id en ce; th is  co n c lu s io n  fo llo w s  
n a tu r a lly  from the experim en tal ev id en ce  and the two reason ab le  
assum ptions th a t ( l )  the s im i la r i t y  o f  eq u ilib r iu m  a n g les  o f  
biphenyl and 2 -f lu o ro b ip h en y l in  the gas phase remains when the
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two compounds are in  s o lu t io n  and ( 2 ) the shape o f  th e f i r s t  
e x c ite d  s t a t e  p o te n t ia l  curve i s  s im ila r  to  th a t o f  b ip h en y l. Which­
ev er  co n c lu s io n  one ch o o ses , th ere  i s  l i t t l e ,  i f  any, ev idence  
w ith  which to  support any kind o f  a t t r a c t iv e  h yd ro g en -flu o r in e  
in tera n n u la r  in t e r a c t io n  o f  th e hydrogen bond type in  the case o f
2 - flu o ro b ip h en y l.
One o f  th e  key arguments used to  e s t a b lis h  th e  form o f  
the p o te n t ia l  curves o f  2 -f lu o r o b ip h en y l i s  th a t in tera n n u la r  
a n g les  o f  m olecu les in  the gas phase determ ined by means o f  e le c tr o n  
d i f f r a c t io n  can be used to  e s t a b l is h  trends in  in tera n n u la r  an g les  
in  s o lu t io n . This assum ption needs some con firm a tio n . What i s  
needed i s  a c o r r e la t io n  between some property  o f  the m olecu le  in  
s o lu t io n  w ith  the measured gas phase in tera n n u la r  a n g le . The
i -
p o s it io n  o f  th e s o - c a l le d  co n ju g a tio n  band o f  th e a b so rp tion  spectrum  
o f  each b ip henyl d e r iv a t iv e  p o s s ib ly  m ight be t h is  s o lu t io n  p roperty .
The in tera n n u la r  a n g le  a f f e c t s  both th e  energy o f  the ground s ta te  
and the energy o f  the e x c ite d  s in g le t  s t a t e  to  which the tr a n s it io n  
rep resen ted  by th e co n ju g a tio n  band o ccu rs. However, the energy o f  
the e x c ite d  s in g le t  i s  a f f e c te d  more by a change o f  th e  in tera n n u la r  
an g le  because th ere  i s  more double bond ch aracter  to  th e in tera n n u la r  
bond in  the e x c ite d  s in g le t  s t a t e .  T h erefore, an in c r e a se  in  in t e r ­
annular an g le  r a is e s  th e energy o f  the e x c ite d  s in g le t  s t a t e  more 
than th a t o f  th e ground s t a t e ,  and a b lu e s h i f t  o f  the tr a n s it io n  
oc.curs. There was an attem pt made to  c o r r e la te  th e band p o s it io n  o f  
a s e r ie s  o f  b ip h enyl d e r iv a t iv e s  w ith  the c o s in e  o f  th e in teran n u lar
a n g le  squared, and the r e s u lt  was a n o n -lin ea r  r e la t io n s h ip . 130  
However, no attem pt was made to  account fo r  the normal s u b s t itu e n t  
e f f e c t s  which would s h i f t  the tr a n s it io n  energy even i f  th ere  were 
no change in  the in tera n n u la r  a n g le . Table XXIV in  th e R esu lts  
s e c t io n  g iv e s  th e  p o s it io n  o f  th e  con ju gation  bands o f  a number o f  
bip h en yl d e r iv a t iv e s .  An attem pt was made to  o b ta in  th e sp ectra  o f  
th e variou s compounds when they are d is so lv e d  in  the same so lv e n t  
in  each c a se , but i t  was not p o s s ib le  to  o b ta in  data from s o lu t io n s  
th a t always had th e same s o lv e n t . However, a l l  o f  the r e s u lt s  are  
fo r  the p o lar  s o lv e n t s ,  95$ e th a n o l, EPA, and H2O, excep t in  the  
ca se  o f  3 ,3  7-d if lu o r o b ip h e n y l, the r e s u lt s  o f  which are g iv en  fo r
3-m ethylpentane s o lu t io n . However, th e  p o s it io n  o f  th e  band 
maximum i s  not g r e a t ly  a f f e c te d  by so lv e n t;  con seq u ently  th e g en era l 
trend o f th e r e s u lt s  should be v a lid  fo r  a l l  so lv e n t  sy stem s.
Table XXVII g iv e s  the frequency s h i f t  o f  each o f  th e se  compounds 
r e la t iv e  to  th e p o s i t io n  o f  b ip henyl i t s e l f ,  and t h is  frequency  
s h i f t  i s  broken down in to  two c o n tr ib u tio n s , a su b s t itu e n t  e f f e c t ,  
which would be exp ected  to  r e s u lt  i f  th ere  were no change in  the  
in tera n n u la r  a n g le  from th a t o f  b ip h en y l, and a s t e r i c  e f f e c t ,  
which r e f l e c t s  the amount o f th e s h i f t  th a t r e s u lt s  from the in t e r ­
annular in te r a c t io n s  th a t cause th e  in tera n n u la r  an g le  to  change.
The m agnitudes o f  each o f  th ese  c o n tr ib u tio n s  were determ ined by 
the fo llo w in g  procedure. S u b stitu en ts  on the th ree  or four p o s it io n
139. Beaven, G. H ., and H a ll, D. M., J . Chem. S o c . .  k 6y j  ( 1956) .
TABLE XXVII
S h if t s  in  th e P o s it io n s  o f  the C onjugation Bands o f  Some
B iphenyl D e r iv a t iv e s  R e la tiv e  to  That o f  B iphenyl
E xperim ental
A ttr ib u te d  to  
S u b stitu en t S t e r ic  E ffe c ts
7TCompound Av(cm- 1 ) E ffec ts(cm  ) (cm- 1 )
B iphenyl 0 0 0
Fluorene - 9*4-0 - 5I4-O - *400
2 -F lu o ro flu o ren e -21*40 - 260 - I 88O
2 - Bromofluorene -3120 -1*4*40 -1680
2 -Me th y 1- -12390
O-3*LT\
1 +2930
3 -Methy1- - 160 - 160 0
*4-Methyl- - 5*40 -  5^0 0
2 -F lu o ro - +1250 +  280 +  9ro
*4-Fluoro- +  280 +  280 0
2-C h loro- +1590 - 710 +2300
3 -C hloro- - 80 - 80 0
14 -C hloro- - 710 - 710 0
2-Bromo- +1*420 - 900 -12320
3-Bromo- 0 0 0
*4-Bromo- - 900 - 900 0
2 ,2 -D if lu o r o - +2760 + 820 +19*40
3 , 3 “D iflu o ro - +  660 + 660 0
*4,*4-D if lu o r o - + 820 +  820 0
*4,*4-D ich lo ro - -1*400 -1*4 00 0
*4,*4-Dibromo- -1850 -1850 0
2 ,2 -D ic h lo r o - -^7^0 - 1*1- 00 +61*40
2,2-D ibrom o- -*-514-00 -1850 -*7250
Toluene -*8270 0 ■18270
Compounds w ith abb reviated  names are b ip henyl d e r iv a t iv e s •
a re  not exp ected  to  cause any s h i f t  th a t r e s u lt s  from s t e r i c  
e f f e c t s ;  con seq u en tly  the w hole s h i f t  observed in  th ese  ca ses  i s  
a ssig n ed  to  th e  s u b s t itu e n t  e f f e c t .  In  the ca se  o f  compounds th a t  
have su b s t itu e n ts  on th e two p o s it io n , the observed s h i f t  i s  
o b v io u sly  caused by both s u b s t itu e n t  and s t e r i c  e f f e c t s .  The 
su b s t itu e n t  e f f e c t  i s  assumed to  be th e same as th a t o f  th e c o r r e s ­
ponding fo u r -su b s t itu te d  compound, s in c e  i t  i s  known th a t e le c tr o n ic  
e f f e c t s  a t  the ortho and para p o s it io n s  are  s im ila r . I t  i s  in t e r ­
e s t in g  th a t in  th e  c a se s  o f  '-d ic h lo r o b ip h en y l and k j k '-  
dibrom obiphenyl th e s u b s t itu e n t  e f f e c t s  (and thus the t o t a l  s h i f t  
s in c e  th ere  are no s t e r i c  e f f e c t s )  are a lm ost e x a c t ly  double th ose  
o f  th e corresponding fo u r -su b s t itu te d  monohalogen d e r iv a t iv e .  In  
th e  ca se  o f  ' -  d if lu o ro b ip h en y l th e same comparison w ith  tw ice  
th e  e f f e c t  observed fo r  lj--flu orob iphenyl i s  n o t q u ite  so good, 
but t h is  same r e la t io n  s t i l l  approxim ately  h o ld s .
S ev era l o th er  in t e r e s t in g  fa c t s  come from Table XXVII. 
F ir s t ,  th e s u b s t itu e n t  e f f e c t s  o f  a l l  o f  th e s u b s t itu e n ts  excep t
f lu o r in e  r e s u l t  in  a red s h i f t  o f  the con ju gation  band r e la t iv e
to  th a t o f  b ip h en y l. F lu o r in e  has a s u b s t itu e n t  e f f e c t  which causes
a s l i g h t  b lu e  s h i f t .  The s i z e  o f  th e  red s h i f t  caused by the
s u b s t itu e n t  e f f e c t  in c r e a se s  in  the order m ethyl <  ch loro  <  bromo 
when the s u b s t itu e n t  i s  in  the four p o s it io n , but when the su b a t i-  
uent i s  p laced  in  th e th ree  p o s it io n  th e order rev erses  to  bromo <  
ch loro  <  m ethyl. In a d d it io n , th e  e f f e c t  o f  th e s u b s t itu e n t  on 
th e th ree  p o s it io n  i s  always l e s s  than th a t when i t  i s  on the four  
p o s it io n .
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Figure 35 i s  a p lo t  o f  th e s t e r i c  s h i f t  versu s the c o s in e  
o f  th e in tera n n u la r  an g le  th a t was determ ined by means o f  e le c tr o n  
d if f r a c t io n  data from the gas phase fo r  compounds fo r  which th ese  
r e s u l t s  are a v a i la b le .  The f i t  i s  q u ite  good, and su g g e s ts  th a t i t  
i s  a reason ab le  assum ption to  assume th a t th e trends in  the e le c tr o n  
d if f r a c t io n  r e s u l t s  can be used to  p r e d ic t  trends fo r  m olecu les  in  
s o lu t io n .  In  a d d it io n , th e u se  o f  a g eo m etr ica l model o f  th ese  
b ip h en y l d e r iv a t iv e s  which assumes th a t th e s u b s t itu e n ts  on the two 
p o s it io n s  are p o s it io n e d  a cro ss  th e  r in g s  from each o th er  so th a t  
t h e ir  Van der Waals r a d ii  j u s t  touch produces an ord erin g  o f  the  
m olecu les  accord in g to  in c r e a s in g  in tera n n u la r  a n g le  g iv en  by b i ­
phenyl <  2 -f lu o r o b ip h en y l <  2 , 2 7-d if lu o r o b ip h e n y l <  2 -c h lo ro b ip h en y l  
<  2 -brom obiphenyl <  2 -m eth ylb ip henyl <  2 , 2 / -d ich lo ro b ip h en y l <  2 ,2  
dibrom obiphenyl <  2 , 2 / -d im eth y lb ip h en y l. In th e u se  o f  t h is  model 
a l l  o f  th e  d is u b s t itu te d  b ip h en y ls  were assumed to  be th e  c i s  
iso m ers, because c a lc u la t io n s  fo r  th e tran s isom ers would have pro­
duced th e same p red ic ted  a n g le s  as th o se  o f  the corresponding mono­
s u b s t itu te d  b ip h en y ls . Although th e v a lu es  o f  the in tera n n u la r  a n g les  
th a t are p red ic ted  by th is  model do n o t agree q u a n t it a t iv e ly  w ith  
th e  measured v a lu e s , a l l  o f  th e  r e s u lt s  are in  th e same order as the  
s o lu t io n  p r e d ic t io n s  and th e e le c tr o n  d i f f r a c t io n  r e s u l t s .
F igure 35 produces some in t e r e s t in g  c o n c lu s io n s . F ir s t ,  
n o te  th a t the p o s it io n  o f  th e  1La band o f  to lu en e  l i e s  on th e p lo t  
o f  experim en ta l s h i f t s  versu s in tera n n u la r  an g le  i f  i t  i s  assumed 
th a t to lu en e  i s  a b ip h enyl in  which th ere  i s  an in tera n n u la r  an g le  
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p.  P lo t o f  s t e r i c  s h i f t s  in  s o lu t io n  versus th e measured gas 
phase in tera n n u la r  an g les  fo r  a s e r ie s  o f  b ip henyl 
d e r iv a t iv e s .
T his c o r r e la t io n  in d ic a te s  th a t th e co n ju gation  band o f  b ip h en y l 
can be con sid ered  to  be a perturbed 1L tr a n s it io n  o f  benzene.
Another in t e r e s t in g  o b serv a tio n  i s  th a t  i f  th e bands o f  th e bridged  
b ip h en y ls  ( v e r t ic a l  t r a n s it io n s )  are p laced  on th e  p lo t ,  th e ir  
corresponding s h i f t s  r e la t iv e  to  th e p o s it io n  o f  the b iphenyl band 
p r e d ic t  th a t th e in tera n n u la r  an g le  fo r  th ese  compounds does not 
have th e exp ected  zero  d egree va lu e  but has va lu es  between 25 and 
35 d eg rees . 2 -F lu o ro flu o ren e  and 2-brom ofluorene have about the  
same p red ic ted  a n g le  (about 25 d e g r e e s ) , but flu o ren e  has a la rg er  
p red ic ted  an g le  (about 35 d e g r e e s ) . Part o f  the problem may a r is e  
from the u n c e r ta in ty  in  determ ining th e magnitude o f  th e  s u b s t itu e n t  
e f f e c t  o f  th e  m ethylene br id ge; i t  was assumed th a t i t s  su b s t itu e n t  
e f f e c t  was th e  same as th a t o f  a m ethyl group. 2 -F lu o ro flu o ren e  
was assumed to  have one flu o ro  and one m ethyl s u b s t itu e n t  e f f e c t ,  
and 2 -brom ofluorene was assumed to  have one bromo and one m ethyl 
s u b s t itu e n t  e f f e c t .  A lthough th e p red ic ted  a n g le  fo r  th ese  bridged  
compounds i s  l e s s  than th a t o f  b ip h en y l, th e fa c t  th a t th ese  compounds 
are not p red ic ted  to  be p lan ar may be s ig n i f i c a n t .  E ith er  th e  
c o r r e la t io n  i s  n o t q u a n t ita t iv e  in  th e low a n g le  r eg io n , or th ese  
bridged b ip h en y ls  are co n stra in ed  in  some conform ation th a t has an 
in tera n n u la r  a n g le  somewhat la r g er  than zero  d eg rees .
As p r e v io u s ly  m entioned, 2 , 2 / -d if lu o r o b ip h e n y l i s  the  
on ly  compound in  t h is  s e r ie s  o f  b ip h en y ls and phenylnaphthalenes  
fo r  which the m agnitude o f  th e e x c it a t io n  e f f e c t  i s  not c o n s is te n t  
w ith  the s i z e  o f  i t s  S tokes s h i f t .  The s i z e  o f  i t s  Stokes s h i f t  
puts 2 , 2 '-d if lu o r o b ip h e n y l in  the in term ed ia te  ca tegory  o f  compounds.
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However, i t  shows a large  e x c it a t io n  e f f e c t .  There are s e v e r a l  
oth er  o d d it ie s  about the e x c it a t io n  e f f e c t  th a t su g g e sts  th a t i t  
i s  not th e same type o f e x c i t a t io n  e f f e c t  th a t i s  observed in  the  
cases o f  e i th e r  b ip henyl or 2 -f lu o r o b ip h e n y l. F ir s t ,  the e f f e c t  
i s  as e a s i l y  ob servab le  in  the phosphorescence as in  the f lu o r e sc e n c e ,  
and the magnitude o f  the e f f e c t  on th e phosphorescence i s  comparable 
w ith  th a t o f  the f lu o r e sc e n c e . Second, the e f f e c t  on e i th e r  the  
f lu o re sce n c e  or the phosphorescence shows no ev id en ce o f  any 
sharpening; on ly  a la rg e  movement o f  th e bands to  lower en erg ie s  
i s  observed . F in a lly , th e  e x c it a t io n  e f f e c t  on th e f lu o re sce n c e  
seems to  be ob servab le  a t  room tem perature as w e l l  as a t  liq u id  
n itro g en  tem perature.
2 , 2 ‘ -D iflu o ro b ip h en y l would n o t be exp ected  to  show as  
large  an e x c it a t io n  e f f e c t  as even th a t o f  2 -f lu o r o b ip h e n y l, because  
in  e i th e r  conform ation ( c i s  or tr a n s) th e in tera n n u la r  in te r a c t io n s  
should r e s t r i c t  the m olecu le to  la r g er  in tera n n u la r  a n g les  than  
th ose  o f  2 -f lu o r o b ip h e n y l. E lec tro n  d i f f r a c t io n  r e s u lt s  a lread y  
d isc u sse d 140 confirm  th is  co n c lu s io n  fo r  th e  gas phase, and the  
c o r r e la t io n s  between th ese  r e s u lt s  and s o lu t io n  p o s it io n s  o f  the  
con ju gation  band in d ic a te  th a t the same co n c lu s io n  i s  v a lid  for  
the m olecu le in  s o lu t io n . One p o s s ib le  ex p la n a tio n  fo r  the observed  
e f f e c t s  i s  an im purity  in  th e s o lu t e .  This im purity  would have to  
be q u ite  s im ila r  to  2 , 2 ' -d if lu o r o b ip h e n y l in  order to  have about 
th e same e f f e c t  on both the f lu o re sce n c e  and phosphorescence; i t
1^0. B a s t ia n s e n ,  0 . ,  and Smedvik, L . , op . c i t .
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probably would have to  be another d if lu o r o b ip h e n y l isom er. This 
p o s s ib le  ex p la n a tio n  cannot be com p lete ly  ru led  o u t, but a gas 
chromatogram ob ta in ed  under c o n d it io n s  which should  have maximized 
chances fo r  sep a ra tio n  o f  two d if lu o r o b ip h e n y l isom ers produced 
no ev id en ce fo r  more than one isom er. In a d d it io n , the s i z e  o f  the  
e f f e c t s  th a t were observed in d ic a te s  th a t a reason ab le  amount o f  
the im purity  would have to  be p resen t in  order to  produce the  
observed changes.
Another p o s s ib le  e x p la n a tio n  fo r  the observed e f f e c t s  i s  
some s o r t  o f  complex betw een two s o lu te  m olecu les or between a 
s o lu te  m olecu le  and th e  s o lv e n t  m o le c u le s . The former can alm ost 
c e r ta in ly  be ru led  out by th e fa c t  th a t the e f f e c t s  show very  l i t t l e  
co n cen tra tio n  e f f e c t ,  and what l i t t l e  co n cen tra tio n  e f f e c t s  th ey  
show are in  th e o p p o s ite  d ir e c t io n  to  th a t which would be expected  
i f  com plexation  between s o lu t e  m olecu les  d id  take p lace; th ese  
e f f e c t s  seem to  be more e a s i l y  ob servab le  a t  lower c o n c en tr a tio n s . 
Com plexation between s o lu te  and so lv e n t  cannot be ru led  o u t, a lthough  
the so lv e n t  th a t was u sed , 3 -m ethylpentane, would not be expected  
to  cause much com plexation .
The most l ik e ly  ex p la n a tio n  o f  the observed low energy  
e x c it a t io n  e f f e c t s  i s  th a t both c i s  and trans isom ers o f  2 ,2  
d if lu o r o b ip h e n y l a f f e c t  th e s p e c tr a . E x c ita t io n  in  th e low energy  
t a i l  o f  th e low est energy ab so rp tio n  band p r e f e r e n t ia l ly  s e le c t s  
th e isom er which has th e low est energy a b so rp tio n . E x c ita t io n  in  
the h igh er  energy part o f  th e a b so rp tion  band e x c i t e s  s ig n i f i c a n t  
numbers o f  both isom ers; th e  r e s u lta n t  em issio n  i s  th a t o f  a
d is t r ib u t io n  co n ta in in g  a s ig n i f i c a n t  p rop ortion  o f  both iso m ers.
In a d d it io n , th e h ig h er  energy e x c it a t io n  may provide enough 
e x c e ss  energy in  th e e x c ite d  s in g le t  to  e q u il ib r a te  the two isom ers 
b e fo r e  em issio n . I t  i s  d i f f i c u l t  to  d ec id e  which o f  th e two isom ers 
has an a b so rp tio n  t a i l  which extends fu rth er  in to  th e low energy  
a b so rp tio n  reg io n  than th e  o th er  and i s  th e r e fo r e  p r e fe r e n t ia l ly  
e x c ite d  by low energy e x c i t a t io n .  The gas phase data p r e v io u s ly  
c ite d 141 in d ic a te s  th a t th e  c i s  isom er i s  more s ta b le  in  th e ground 
s t a t e ,  a lth ough  c a lc u la t io n s  by Farbrot and Skancke142 p r e d ic t  th a t  
th e  trans isom er i s  more s t a b le .  However, th e c a lc u la te d  d if fe r e n c e  
between the s t a b i l i t i e s  o f  th e two isom ers i s  s l i g h t ,  and th e gas 
phase d i f f r a c t io n  data can a ls o  be in te r p r e te d  to  rep resen t a d i s ­
tr ib u t io n  o f  both isom ers in  which eq u ilib r iu m  favors th e  c i s  form.
The c o r r e la t io n  o f  t h is  d i f f r a c t io n  data w ith  s o lu t io n  data in  th e  
form o f  th e  p o s it io n  o f  th e co n ju g a tio n  band in d ic a te s  th a t the  
presence o f  both isom ers in  s ig n i f i c a n t  numbers in  s o lu t io n  i s  not  
u n reason ab le . However, th ere  i s  no p o s s i b i l i t y  o f  o b ta in in g  from 
th is  data which o f  th e  two isom ers i s  more s ta b le  in  th e  ground 
s t a t e  o f  the m olecu le  in  s o lu t io n .
F igure 3 6  shows a reason ab le  diagram o f  th e p o te n t ia l  
curves o f  the ground and f i r s t  e x c ite d  s ta t e s  ( s in g le t  and t r i p l e t )  
o f  2 , 2 ' -d if lu o r o b ip h e n y l as a fu n c tio n  o f  in tera n n u la r  r o ta t io n  
a n g le . Zero degrees r ep resen ts  th e c i s  isom er, and 180 degrees th e  
tran s isom er. The ground s t a t e  curve i s  con stru cted  from c a lc u la t io n s
lJ|-l. B a stia n sen , 0 . ,  and Smedvik, L . , op. c i t .
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F igure 36. Ground s t a t e ,  f i r s t  e x c i t e d  s i n g l e t  s t a t e ,  and f i r s t  e x c i t e d  t r i p l e t  s t a t e  
e n e r g ie s  o f  2 , 2 7-d if lu o r o b ip h e n y l as fu n c t io n s  o f  in te r a n n u la r  a n g le  0.
ro
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by Farbrot and Skancke,143 and the e x c ite d  s t a t e  curves are the  
p red ic ted  ones th a t r e s u lt  from th e  a n a ly s is  o f  the experim en tal 
data o f  t h is  work.
F igure 36 i s  drawn in  such a manner th a t the trans isom er  
has th e lower minimum energy in  th e  e x c ite d  s t a t e s ;  i t  i s  f e l t  
th a t  the trans conform ation probably i s  th e one the low energy t a i l  
o f  which exten d s fu r th er  to  th e low energy part o f  the a b so rp tion  
s p e c tr a , because th e  tran s isom er probably would be a b le  to  r o ta te  
more e a s i l y  than th e c i s  toward a planar conform ation and produce 
a s h i f t  in  the f lu o r e sc e n c e  bands to  lower energy upon low energy  
e x c i t a t io n .  However, th ere  i s  l i t t l e  fu rth er  support fo r  th is  
c o n c lu s io n , and i t  w i l l  n o t be defended fu r th e r . A l l  th a t can 
be d e f in i t e ly  sa id  i s  th a t one o f  th e two isom ers i s  p r e fe r e n t ia l ly  
e x c ite d  by th e  low energy e x c i t a t io n .  There i s  on ly  one p o s s ib le  
path a v a ila b le  fo r  th e tran sform ation  o f  the c is  to  the trans  
isom er, and th a t i s  r o ta t io n  through the 9° degree in tera n n u la r  
a n g le  b a r r ie r . Farbrot and Skancke's c a lc u la t io n s  p r e d ic t  th is  
b a r r ie r  to  be about s ix  k ca l/m o le  fo r  th e c i s  form and seven  k c a l /  
mole fo r  the tran s form in  th e ground s t a t e .  However, th ese  system s 
u s u a lly  have a la r g e r  b a r r ie r  to  r o ta t io n  through the 90 degree  
a n g le  in  th e e x c ite d  s in g le t  s t a t e s ,  so th a t the b a r r ie r  in  2 , 2 /- 
d if lu o r o b ip h e n y l would be expected  to  be la r g e r  than seven  k ca l/m o le  
in  th e e x c ite d  s in g le t  s t a t e .  A b a r r ie r  on the order o f  ten  k ca l/m o le  
c e r ta in ly  would be la r g e  enough to  prevent in ter c o n v e rs io n  between
1*1-3. F arbrot, E. M., and Skancke, P. N ., op. c i t .
th e  two forms a t  l iq u id  n itro g e n  tem perature during th e l i f e t im e  
o f  the e x c ite d  s in g le t  s t a t e .  I t  m ight a ls o  be la rg e  enough to  
h in d er in te r c o n v e r s io n  a t  room tem perature during the l i f e t im e  
o f  th e e x c ite d  s in g le t  s t a t e ,  but th is  h indrance would not be e x ­
pected  to  be as e f f i c i e n t  as th a t o f  th e m olecu le  a t  7 7 °  K. Thus 
th e r e s u lta n t  em issio n  from a sample o f  2 , 2 / -d if lu o r o b ip h e n y l which 
had been e x c ite d  in  such a manner th a t one conformer was p r e feren ­
t i a l l y  e x c ite d  would be exp ected  to  be r ic h e r  in  th a t conformer 
than th e  one which was n o t p r e fe r e n t ia l ly  e x c it e d . The fa c t  th a t  
th e e x c it a t io n  e f f e c t  i s  l e s s  obvious a t  room tem perature than a t  
l iq u id  n itro g e n  tem perature supports th e p o s tu la t io n  o f  a b a r r ier  
between th e  two isom ers on th e  order o f  ten  k c a l/m o le . There i s  
o th er  ev id en ce  in  th e f lu o re sce n c e  th a t p o s s ib ly  in d ic a te s  th a t  
two isom ers are e m itt in g . There seem to  be two sh ou ld ers on the  
high  energy s id e  o f  the f i r s t  apparent band which may correspond to  
th e 0 - 0  band o f  each isom er. In  a d d it io n , th ere  i s  an in d ic a t io n  
th a t th e  f i r s t  major band (th e  one a t  290 nm) i s  p o s s ib ly  two bands 
because th ere  appears to  be a sh ou ld er  on th e high energy s id e  o f  
t h is  band very  c lo s e  to  th e maximum. This double band could  
correspond to  th e 0 -1  band o f  each isom er. In a d d it io n , the o v e r a ll  
d if fu s e n e s s  o f  th e  f lu o re sce n c e  ( i t  i s  n o t as sharp as th a t o f
2 -f lu o r o b ip h e n y l)  su g g e sts  more than one isom er.
The la ck  o f  ev id en ce  in  th e a b so rp tion  sp ec tra  fo r  two 
isom ers should  be d is c u s se d . There are two p o s s ib le  reasons for  t h is  
lack  o f  ev id en ce . F ir s t ,  s in c e  th e  b a r r ie r  in  th e ground s t a t e  i s  
probably sm a ller  than th e b a r r ie r  in  the e x c ite d  s in g le t  s t a t e ,
th er e  may be s ig n i f i c a n t  in te r c o n v e r s io n  o f  th e  two forms even a t  
l iq u id  n itro g e n  tem perature. This in ter c o n v e rs io n  could p o s s ib ly  
mean th a t a broad d is t r ib u t io n  o f  conform ers m ight be ab sorb in g , so 
th a t th e a b so rp tio n  sp e c tra  would show no ev id en ce fo r  any one 
conform er. A lso , the a b so rp tio n  sp e c tra  o f  th e  two isom ers may be 
so n ea r ly  id e n t ic a l  th a t  th e  r e s o lu t io n  may not have been good enough 
to  produce ev id en ce  fo r  the e x is te n c e  o f  both isom ers.
The o b serv a tio n  o f  th e  low energy e x c it a t io n  e f f e c t  in  
the phosphorescence lea d s  to  s e v e r a l co n c lu s io n s  about th e nature  
o f  in te r sy ste m  c r o ss in g  and th e  e x c ite d  t r i p l e t  s t a t e .  F ir s t ,  th e  
in ter sy stem  c r o ss in g  must tak e p la ce  v ia  a rou te which e x c it e s  
v ib r a t io n a l modes which are independent o f  the in tera n n u la r  an g le  
or v ia  an em iss iv e  rou te; o th erw ise  e q u il ib r a t io n  between th e two 
isom ers should  occur and r e s u l t  in  an em issio n  c h a r a c t e r is t ic  o f  
th e normal d is t r ib u t io n  o f  conform ers. Second, s in c e  the low energy  
e x c it a t io n  e f f e c t  produces a s h i f t  in  th e bands in  the same d ir e c ­
t io n  as th a t o f  th e f lu o r e sc e n c e , th e  conformer which has th e  lower 
energy f lu o re sce n c e  must a ls o  have the low er energy phosphorescence. 
F in a lly , th e t r i p l e t  s t a t e  must have a b a r r ier  between th e two 
isom ers th a t i s  o f  th e same order o f  magnitude as th a t o f  the f lu o r ­
escen ce  or g r e a te r , o th erw ise  e q u il ib r a t io n  o f  isom ers would occur  
b efore  em ission  during the t r i p l e t  l i f e t im e .
A l l  o f  th e d if fe r e n c e s  between the e x c it a t io n  e f f e c t  in  
2 , 2 7-d iflu o r o b ip h e n y l and th ose  o f  o th er  b ip henyl d e r iv a t iv e s  have 
led  to  th e  co n c lu s io n  th a t the ex p la n a tio n  o f  th e e f f e c t  in  th is  
case i s  not th e seme as th a t used p r e v io u s ly  to  e x p la in  the
e x c i t a t io n  e f f e c t s  on the sp e c tra  o f  o th er  b ip h en yl d e r iv a t iv e s .  
2 ,2  '-D iflu o ro b ip h en y l i s  the on ly  compound th a t was s tu d ied  th a t  
i s  capable o f  e x h ib it in g  c is - t r a n s  isom erism , and i t  i s  f e l t  
th a t th is  ex p la n a tio n  o f  the e x c it a t io n  e f f e c t s  th a t are observed  
in  the ca se  o f  2 , 2 '-d if lu o ro b ip h e n y l i s  th e b e s t  one. The e f f e c t s  
observed fo r  t h is  compound a ls o  argue s tr o n g ly  a g a in s t  any type  
o f  a t t r a c t iv e  flu o r in e-h y d ro g en  in t e r a c t io n , b ecau se, i f  th ere  
were th is  type o f  in t e r a c t io n , th e  tran s isom er would be fa r  more 
s ta b le  than th e  c i s  isom er, and no e x c it a t io n  e f f e c t  would have 
been observed .
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APPENDIX
LIST OF SYMBOLS AND ABBREVIATIONS
A - Angstrom.
AcAc - A c e ty la ce to n e .
oAcAc, cv-MeAcAc - cr-M ethylacety lacetone. q q
i i
cy-Carbon - Carbon atom in  a g -d ik e to n e  d e fin ed  by
o'
or Hydrogen - A hydrogen a tta ch ed  to  the a~carbon.
(3-Carbon - One o f  the carbonyl carbons in  a (3-diketone.
Cl - C on figu ration  I n te r a c t io n ,  
cm - C entim eter.
CNDO - Complete N e g lec t o f  D if f e r e n t ia l  O verlap.
CNDO/2 - A CNDO p a ram eteriza tion  scheme developed  by Pople e t  a l .
CNDO/S - A CNDO p aram eteriza tion  scheme developed by J a f fe  e t  a l .
D - Debye u n it .  
eV - E lectro n  V o lt .
INDO - In term ed iate  N eg lec t o f  D if f e r e n t ia l  O verlap.
LCAO - L inear Combination o f  Atomic O r b ita ls .
na - An n o r b ita l  which i s  antisym m etrie w ith  r e sp e c t to  r e f le c t io n
by th e H - C - H plane o f  th e k eto  form o f  a |3 -d ik eton e.
n - An n o r b ita l  which i s  symmetric w ith  re sp e c t to  r e f l e c t io n  bys
the H - C - H plane o f  the k eto  form o f  a (3-diketone, 
nm - Nanometer.
Os. S t .  - O s c i l la to r  S tren g th .
PPP Method - P a r iser -P a rr -P o p le  Method.
21k
LIST OF SYMBOLS AND ABBREVIATIONS (C o n tin u e d )
R , n = 1, 2 , 3> *** ~ A lk y l s u b s t itu e n ts  or hydrogens. 
STO - S la te r - ty p e  o r b it a l .
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